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Abstract 
In Situ Infrared Spectroscopic Study of Iron-Catalyzed 
 Hydromagnesiation of Vinyl Arenes 
Jessica A. Rogers 
 
Iron catalysis, especially homogeneous catalysis, has been a resurging topic of 
organometallic chemistry research. Discussions of past and present mechanistic 
analyses for homogeneous iron catalysis will be discussed in Chapter 1. As an expansion 
of homogeneous iron catalysis, in situ infrared spectroscopy will be used to develop a full 
mechanistic study of iron-catalyzed hydromagnesiation of vinyl arenes. The kinetic 
analyses by both initial and observed rate measurements indicate complex concentration 
dependencies on the (PDI)iron catalyst as well as sacrificial Grignard reagent and 
styrene. These complexities are not limited to non-linear catalyst and Grignard initial rate 
and inhibition by styrene/Grignard at low concentrations which then change upon 
reaching concentrations of a 1:1 ratio by observed rates. The process of numeric 
timecourse simulation of probable mechanisms using COmplex PAthway Simulator 
(COPASI) led to the identification of a twelve-step mechanism that accurately reproduces 
experimental time course data over a wide variety of reaction conditions.1  
This initial analysis was used as a building block for further identification of kinetic 
complexities when varying the electronics and sterics of the substrates and precatalysts. 
The development of an unexpected kinetic complexity with respect to the electronics of 
the styrene derivatives resulted in a strange “arrow-head” shaped Hammett correlation. 
DFT calculations and numeric timecourse simulation suggest a change in electronic 
character of a p-methoxystyrene or turnover limiting step, wherein the rate constants for 
the competitive 2,1- vs 1,2- insertion is significantly lower than that of transmetallation. 
Furthermore, predictions using the hydromagnesiation mechanism reveal the origins of 
the observed kinetic complexity. Identification of the limitations of some sacrificial 
Grignard reagents lead to the explanation of reaction complexity based upon the 
generation of a gaseous alkene byproduct. Following the kinetic analysis of Grignard 
reagents, electron-rich styrenes, and pre-catalysts bearing less sterically bulky PDI 
ligands led to the development of a mechanism consisting of 16 elementary steps.
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Chapter 1: Introduction to Homogeneous Iron Catalysis 
1.1. Historical Milestones 
The synthetic utility of iron in catalysis advanced in the latter half of the twentieth 
century with only a few momentous iron-catalyzed processes that were well known such 
as: Fenton Oxidation, Haber-Bosch, and Fischer-Tropsch methodologies (Figure 1.1).2 
Haber-Bosch nitrogen fixation and Fischer-Tropsch hydrocarbon synthesis, though 
heterogeneous, result in a variety of caveats, namely the need for high pressure and 
temperatures for reactivity. The advancement of mimics for the Haber-Bosch nitrogen 
fixation and the Fischer-Tropsch processes has been a topic of interest for the scientific 
community recently.3 The Fischer-Tropsch synthesis of hydrocarbons from CO and H2 
(syn-gas) has also been a topic of recent literature, but new developments primarily rely 
on heterogeneous catalysts or nanoparticles. However, Peters has also developed a 
homogeneous iron-centers for this process.4–8   
 
One of the first homogeneous catalytic methodologies used for iron was Reppe’s 
Carbonylation in 1953.9,10 In the mid to late 1900s, organometallic chemistry began to  
develop into a major branch of chemistry, namely with the development of Wilkinson’s 
catalyst for olefin hydrogenation and the characterization of the iron porphyrin site in 
hemoglobin. Though at that time most catalyst development was reported with metals 
such as Rh, Pd, Ru, Pt, or Ti, beginning in 1971, iron catalysis began to gain momentum 
with the work of Kochi.11–13 In 1979, the expansion of iron porphyrin oxidation chemistry 
further advanced homogeneous iron catalysis not limited to enzymatic processes 
including cross-coupling (CC), polymerization, hydrogenations and hydro/hetero-
(element)functionalization. Figure 1.1 describes the timeline of iron catalysis. Additional 
iron catalyzed methodologies are discussed in the succeeding sections of this chapter.  
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Figure 1.1: Iron catalysis timeline.2  
 
 
 
1.2. Iron and enzymes 
Beginning with the isolation and characterization of hemoglobin in 1959, there has 
been significant effort to understand enzymatic systems and active sites.2  The iron 
centered heme shown in Figure 1.2 is one of the most commonly mimicked for oxidation 
reactions.14 Traditionally, these heme iron complexes can activate dioxygen, generating 
a variety of superoxo, peroxo, oxo, and bridging superoxide iron species.14,15  Other 
common enzymes with iron-containing active sites are non-heme-ligated iron enzymes. 
Two common non-heme enzymes are amino acid-bound dioxygenases and the iron-
sulfur cluster based DNA-polymerase, shown in Figure 1.3.16–18  
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Figure 1.2: Iron heme enzyme catalysis A) active site of yeast cytochrome c 
peroxidase (pdb = 3M23); B) Protein structure of 3M23 from PDB; C) Enzymatic 
cycle of dioxygen activation.14–16 
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Figure 1.3: Iron non-heme enzymes A) iron-sulfur cluster DNA polymerase (PDB = 
5F0Q); B) Active site of taurine/α-ketoglutarate dioxygenase.16–18 
 
 
1.3. Iron-catalyzed cross-coupling 
Iron-catalyzed cross-coupling (CC) reactions fall under 3 main categories: Kumada-, 
Negishi-, and Suzuki-Miyaura-type reactions. The majority of which are the Kumada-type 
reactions. The remainder of this section will discuss Kumada-type CC reactions. This 
category of CC reactions is separated into two subclasses (simple iron-salt and ligated 
iron-catalyzed CC reactions). In 1944, Vevon and Mottez developed the first iron-
catalyzed CC reactions, utilizing a simple (iron(III) chloride) to catalyze the coupling of 
aryl Grignards with alkyl bromides in moderate yields.19 Nearly thirty years passed until 
Kochi and coworkers identified the synthetic utility and began mechanistic studies of iron-
catalyzed CC reactions.11,12 In 1976, Kochi’s mechanistic studies identified limitations to 
iron-catalyzed CC reactions: 1) stereoselective homocoupling; 2) exchange and 
disproportionation; and 3) structural effects of the Grignard reagent.12 Traditionally, the 
mechanism for iron-catalyzed CC reactions mimic nickel and palladium catalyzed 
Kumada couplings (Scheme 1.1).20–23 The reaction starts with an oxidative addition of an 
alkyl or alkenyl bromide to iron(I), followed by transmetallation with a Grignard reagent 
and reductive elimination. The shortcomings of stereoselective homocoupling arise from 
transmetallation of the iron(III) vinyl resulting in a vinylic Grignard. This vinylic Grignard 
reagent undergoes transmetallation with a (vinyl)iron(III) bromide to generate a dialkenyl 
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iron(III) that reductively eliminates to generate a homocoupled product such as hexadiene 
as illustrated in Scheme 1.1.  
 
  
Scheme 1.1: Iron CC catalysis described by Kochi.*Reproduced in ChemDraw12,13 
 
 
Until contributions from Cahiez and Knochel using simple iron salts, in 1998, the field 
of iron-catalyzed CC reactions remained relatively less attractive in comparison to the 
widely utilized Ni and Pd-catalyzed CC reactions, shown in Figure 1.4 (top).24 Iron-
catalyzed CC reactions have gained interest after the development of inorganic Grignard 
reagents and the similarity of these reagents to intermediates of proposed CC 
pathways.25 The use of additives, N-methylpyrrolidone, as cosolvents was determined to 
aid in the stabilization of the active inorganic Grignard reagent without binding directly to 
the iron center and prevents the formation of iron-alkyl clusters.26 In the early 2000s, 
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Fürstner and Nakamura extended the scope of iron-catalyzed CC reactions with iron(III) 
precatalysts in the presence of coordinating ligands.27,28 Fürstner proposed an iron-ate 
catalyzed CC, in which an inorganic Grignard was the active iron species (Scheme 1.2).  
 
 
Scheme 1.2: Iron CC catalysis described by Fürstner. *Reproduced using 
ChemDraw.27 
 
Since the work of Nakamura and Fürstner, there have been strides in the mechanistic 
understanding of iron-catalyzed CC reactions. The development of newer catalyst-ligand 
systems has aided in issues with reactivity. Figure 1.4 describes a variety of iron-
catalyzed CC reactions. Other common ligand motifs for CC reactions include amines 
and phosphines (not shown). More expansive classes of ligands such as N-Heterocyclic 
carbenes (NHCs) have been utilized more recently.  
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Figure 1.4: Common iron-catalyzed CC reactions reproduced from a Chemical 
Review.24,27–51   
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Scheme 1.3: Reproduced mechanism of iron-NHC catalyzed CC reactions.43 
 
Beginning in 2007, N-heterocyclic carbene (NHC) ligands were introduced in iron-
catalyzed CC reactions.43 Through recent mechanistic studies, Tonzetich found that the 
iron-catalyzed CC reaction mechanism which was predicted to be a traditional oxidative 
addition, transmetallation, reductive elimination path could be expanded upon. In the case 
of iron-NHCs, a radical-based iron(II/III) cycle is more favorable, thus avoiding the use of 
less common oxidation states for iron. The reactivity of iron-NHCs for CC reactions of 
Grignards with alkyl halides as electrophiles has commonly introduced electrophilic 
radical recombination. The radical-based mechanism is substantiated upon reaction 
inhibition by butylated hydroxytoluene, BHT.43 Scheme 1.3 describes the mechanism of 
iron-NHC catalyzed CC reactions proposed by Tonzetich. Further isolation and 
characterization of reaction intermediates will enhance the definition of the two 
subclasses and continue the ongoing advancement of iron-catalyzed CC chemistry. 
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1.4. Iron-catalyzed polymerization 
Transition metal-catalyzed polymerization has been investigated since Ziegler and 
Natta won the Nobel Prize over 50 years ago. There are two classes of polymerization 
reactions with transition metals: 1) traditional Ziegler-Natta catalysis and 2) radical-based 
methodologies. Polymerization of alkenes to yield α-polyolefins using either ethylene or 
propylene began in the mid-1900s with the work of Ziegler and Natta.52 Their development 
in ethylene polymerization has been elaborated upon by multiple research labs.53–79 Prior 
to 1998, transition metals used in this type of catalysis were limited to Ti, Zr, Ni, and Pd.53–
59 In 1998, Brookhart developed a homogeneous iron catalyst bearing a tridentate 
pyridine diimine (PDI) ligand, which has been the main ligand framework for iron- and 
other transition metal-catalyzed ethylene polymerization, Figure 1.5.60  
 
 
Figure 1.5: X-ray molecular structure structure of (PDIiPr)FeCl2. *Reproduced from 
CSD Entry: PUGWIX.60 
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Scheme 1.4: Reproduced Transition metal-catalyzed Ziegler-Natta polymerization. 
53–79 
 
The mechanistic developments into Ziegler-Natta polymerization have proven to be 
quite difficult and complex. Reaction intermediates derived from the reactivity of the co-
catalyst methylaluminoxane, MAO, with the iron center have driven the need for 
kinetic/mechanistic advancement. The work of Brookhart,60 Britovsek,61,62,65,66 
Talsi,64,68,69,76,77 and Chirik70,78 have significantly advanced this field. The reaction 
mechanism of chain growth polymerization has undergone multiple analyses, most of 
which agree on the mechanism of catalysis in Scheme 1.4. From the beginning of the 
polymerization iron-age to the reactivity of other base metal catalysts, transition metal 
catalyzed polymerization has evolving theories in understanding owing to the work of 
multiple research labs. 
 
The second class of polymerization, a more contemporary radical based 
polymerization began in the 1990s.80–85 Traditionally, Cu, Ni, Pd, Rh, and Ru were used 
for catalysis. In these catalytic systems, the processes of atom transfer radical addition 
(ATRA) or atom transfer radical polymerization (ATRP) are primarily the two main 
categories of polymerization. Mechanistically, these reactions undergo a transition metal 
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controlled radical polymerization. This reaction is typical of styrenes and methacrylates 
initiated by an alkyl halide such as 1-phenylethyl chloride.80–85 Scheme 1.5 describes the 
difference between ATRA and ATRP. ATRP reactions were kinetically studied with 
copper catalysts. Matyjaszewski and collaborators led the field of homogeneous ATRP 
reaction mechanistic developments. They found that ATRP exhibits first order kinetics 
with respect to initiator, catalyst, and monomer concentration. Polymerization was 
determined to not be a simple inverse first order with respect to initial metal halide 
concentration, owing to the “persistent radical effect”.84 This radical effect is attributed to 
the regulation of polymerization by guaranteeing that the rate of propagation and 
subsequent polymerization is significantly faster than radical recombination followed by 
disproportionation.84 
 
Scheme 1.5: Transition metal-catalyzed radical polymerization. *Reproduced in 
ChemDraw.53,80–85 
 
1.5. Iron-catalyzed hydrogenation 
Transition metal-catalyzed hydrogenation has been known since the late 1800s, owing 
to the work of Paul Sabatier, the father of hydrogenation and 1912 Nobel Prize winner in 
chemistry.86 Sabatier’s process of hydrogenation has now expanded into multiple fields, 
such as production of fuel and other manufacturing processes in the soap industries.86 
The Haber-Bosch and Fischer-Tropsch processes were the first hydrogenations using 
iron catalysis, see section 1.1 for details.2 Traditionally homogeneous hydrogenation used 
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precious metals seen in the work of Wilkinson (Rh)87 and others (Pd, Ir, etc).88,89 The 
hydrogenations using dihydrogen (H2) as the hydride source all have two common 
reaction mechanisms, consisting of either a monohydride or a dihydride intermediate. A 
mechanism containing a monohydride intermediate is a combination of five elementary 
steps: 1) generation of a metal hydride, 2) coordination of an alkene, 3) migratory 
insertion, 4) coordination of dihydrogen, and 5) heterolytic cleavage of the H-H bond.88,89 
A dihydride intermediate mechanism also consists of five elementary steps: 1) 
dissociation of a ligand, 2) oxidative addition to generate a metal-dihydride, 3) 
coordination of alkene, 4) insertion into one metal-hydride, and 5) reductive elimination, 
Scheme 1.6.88,89 In the case of monohydride-based mechanisms, carbonyls are preferred 
over terminal alkenes/alkynes which are preferred over internal alkenes/alkynes. The 
dihydride intermediate pathway is proposed for catalysis involving d8 Rh(I) and Ir(I).89  
Further development into this field with base metal catalysts such as Fe, Co, and Mn 
instead of noble metals has renewed interest in the comparison of hydrogenation 
reactions.89–110 
 
One of the first instances of homogeneous iron-catalyzed hydrogenation was in the 
early 1960s where Frankel, Emken, and Davison from the Northern Regional Research 
Laboratory in Illinois published the hydrogenation of methyl linolenate by iron 
pentacarbonyl complexes.90 In their studies, they found that the hydrogenation of trienes 
primarily generated mono-enes with low yields of a diene. The diene was commonly 
conjugated and complexed with iron to generate a (diene)iron(III)-carbonyl complex. 
These initial studies led the way for Miller and Grant to determine the reaction kinetics of 
gas-phase hydrogenation of ethylene by Fe(CO)3(C2H4)2.93 Miller and Grant’s studies 
used UV laser irradiation of ethylene, hydrogen, and the catalyst, yielding only ethane. 
Mechanistic developments in solvent-phase iron-catalyzed hydrogenation reactions 
resulted in a better understanding of catalysis by base metals.94 A variety of iron catalysts 
bearing redox non-innocent ligands have been utilized in hydrogenation of 
alkenes/alkynes and polar unsaturated bonds are shown in Figure 1.6. The use of non-
innocent ligands developed by Chirik are of interest due to the ability of the ligand to 
stabilize a reduced iron center. Similar to Wilkinson’s hydrogenation catalysis with Rh(I), 
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Chirik’s iron-catalyzed hydrogenation consists of a stepwise mechanism for hydride 
insertion (Scheme 1.6).95  
 
 
 
Scheme 1.6: Reproduced Transition metal-catalyzed hydrogenation.88,89 
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Figure 1.6: Iron-catalyzed hydrogenation catalysts.94,95,98,100,102,108 
 
 
A third type of hydrogenation is transfer hydrogenation, more common in polar C=R 
bonds (R = C, O, N) substrates. Transfer hydrogenation uses ligand cooperativity to aid 
in hydride transfer. This process typically occurs through an outer sphere interaction, and 
the hydrogen source is not necessarily H2 but may be an alcohol or amine. The iron 
analog of Shvo’s catalyst, by Casey and Guam, are commonly used transfer 
hydrogenation catalysts.89,98,108  The mechanism for transfer hydrogenation begins with 
the heterolytic cleavage of H2 or transfer of a hydride and proton from an alcohol 
(isopropanol) generating a metal-hydride and a protonated ligand. The coordinated 
polarized C=C undergoes insertion into the metal-hydride, then subsequently the reduced 
C-C moiety is generated by transfer of the hydrogen from the ligand. The protonated 
ligand and metal hydride are then regenerated by either reactivity of an alcohol or 
heterolytic cleavage of H2 through a six-membered transition state (Scheme 1.7).108 
Although many groups have studied hydrogenation reactions mechanistically, there are 
still developments that can arise from this methodology in the future. 
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Scheme 1.7: Reproduced Iron-catalyzed transfer hydrogenation of alkenes. A) with 
dihydrogen; B) alcohol as hydride source. 
 
1.6. Iron-catalyzed hydrofunctionalization 
Hydrofunctionalization of unsaturated bonds prior to the early 2000s was catalyzed by 
noble-metals such as Pd, Rh, Ir, Ru, and Au. However, recent advancements beginning 
in 2010 allowed for the use of Fe, Co, Mo, Cu, and Ni catalysts. Hydrosilylation, 95,104,111–
124 hydroboration,116–118,125–138 hydroamination,139–142 hydroformylation,143–149 hydrocarb-
oxylation,150–163 and hetero(element)functionalization164–167 are common classes of 
hydro/hetero(element)functionalization reactions. The processes of hydrosilylation, 
hydroboration, hydroformylation, and hydrocarboxylation are summarized below. Each 
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class of hydro/hetero-functionalization reactions follow a similar mechanism as seen in 
Scheme 1.8. Traditionally, Scheme 1.8 B is favored for the reaction mechanism in which 
the cycle consists of 4 main elementary steps: oxidative addition, alkene coordination, 
migratory insertion, and reductive elimination.  
 
 
 
Scheme 1.8: Transition metal-catalyzed hydrofunctionalization. A) protonolysis based 
functionalization and B) traditional oxidative addition then reductive elimination 
functionalization. *Reproduced using ChemDraw 
 
 
In 1973, Karstedt was able to initially catalyze a hydrosilylation of an unsaturated bond 
using Pt and other noble metals.168,169 Karstedt’s platinum catalyst [Pt2(vinylsiloxane)3] 
improved selectivity and solubility of polysiloxane composites, which enabled better 
manufacturing routes of multiple commodities, such as oils, adhesives, injection molding 
products, etc.169 Further mechanistic studies in noble metal-catalyzed hydrosilylation 
reactions of olefins introduced common side reactions such as dehydrogenative silylation, 
hydrogenation, olefin isomerization, polymerization, and redistribution of hydrosilanes as 
(Figure 1.7).169 Prior to the groundbreaking work of Chirik and Bart, iron and other base 
metal systems often favored undesired side reactions and required harsh reaction 
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conditions or photosynthetic measures to generate the active catalyst.169 Chirik and 
Nakajima discuss the difficulty of controlling iron catalysts due to numerous possible spin 
states at iron.95,111,113–116,120 Development of a well-defined ligand framework introduced 
a means of favoring hydrosilylation over the side reactions and in some cases increased 
1,2- vs 2,1- insertion and α- (Markovnikov substitution) vs. β- (Anti-Markovnikov 
substitution) regioselectivity (Figure 1.8).95,111,113–116,120 Recently, regioselectivity of 
hydrosilylation has been determined for both aliphatic and aromatic olefins. For reagents 
containing aromatic olefins, α-silylation (Markovnikov substitution, Scheme 1.9A) is 
favored; whereas, aliphatic olefins favor β-silylation (Anti-Markovnikov substitution, 
Scheme 1.9B).95,111,113–116,120,170 Based upon known limitations of iron-catalyzed 
hydrosilylation, future methodology development is a necessity to improve 
regioselectivity, reduce side product pathways, and provide catalyst control by using 
redox-active ligands.  
 
 
 
Figure 1.7: Iron-catalyzed hydrosilylation side reactions.95,111,113–116,120,169 
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Figure 1.8: Iron-catalyzed hydrosilylation catalysts.95,111,113–116,120 
 
 
 
Scheme 1.9: Iron-catalyzed hydrosilylation. 95,111,113–116,120 
*Reproduced using ChemDraw 
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Another class of hydrofunctionalization, hydroboration, adds a borane (B-H) across 
an unsaturated bond. The hydroboration of C=C was first introduced by Brown and 
coworkers.171 The addition of B-H bonds with the aid of transition metals has expanded 
following work by Männig and Nöth using Wilkinson’s catalyst.125 In 1990, Evans and Fu 
published a mechanistic study for the Rh-catalyzed hydroboration of olefins.126 The 
mechanistic studies revealed hydroboration has a mechanism quite similar to 
hydrosilylation, as shown in Scheme 1.9. One difference between the two classes of 
hydrofunctionalization reactions is the mechanism for hydroboration requires an activator 
(i.e. Mg or NaBH4) to reduce the iron center. Analogous to hydrosilylation, hydroboration 
also exhibits side reactions such as dehydrogenative boration and hydrogenation, 
although the products are observed in low yields.128 The development of a well-defined 
iron-ligand system, similar to those in Figure 1.9, aid in resolving a variety of side 
reactions along with regioselectivity and enantioselectivity degradation. 
 
Figure 1.9: Iron-catalyzed hydroboration catalysts.128–131,135,136,138 
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One of the most common industrial homogeneous hydrofunctionalization reactions is 
hydroformylation.143–149 Hydroformylation, also termed the “oxo” process, generates 
aldehydes from olefins and syn gas (CO and H2). Most commonly, hydroformylation 
reactions are reported to be catalyzed by a Rh catalyst; however, there are only two 
recent publications using iron as a catalyst.143–149 Prior to 2018, iron-catalyzed 
hydroformylation reactions were conducted at high temperatures and high 
pressures.9,10,147,149 Pertici and coworkers developed an iron(0) catalyst to catalyze the 
hydroformylation of 1-hexene and styrene (Figure 1.10).147 These studies had limited 
mechanistic understanding, low reactivity, limited reaction scope, and disregarded any 
ligand effects.149 Chikkali and coworkers developed a detailed mechanistic study of iron-
catalyzed hydroformylation, Figure 1.10. Their use of DFT studies, radical scavengers, 
discussions of Rh impurities in the iron precatalyst, cyclic-voltammetry (CV), and NMR 
studies led to the discovery of an iron(0) to iron(II) catalytic cycle over an iron(i) to iron(III) 
mechanism. Chikkali suggested that styrene and other vinylic arenes were able to 
undergo hydroformylation with the aid of acetic acid activation. 149 Their mechanism is 
shown below, as shown in Scheme 1.10. 
 
 
Figure 1.10: Iron-catalyzed hydroformylation catalysts.147,149 
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Scheme 1.10: Iron-catalyzed hydroformylation by an iron-hydride (PPN+ = 
bis(triphenylphosphine iminium). *Reproduced using ChemDraw.149 
 
The final hydrofunctionalization class discussed herein, hydrocarboxylation, is 
traditionally achieved by other means of catalysis utilizing pre-generated carbonyl 
containing substrates. Newer methods of formal hydrocarboxylation of vinyl arenes are 
demonstrated in Figure 1.11.151,153,157–159,172–175 The integration of CO2 as the carbon 
source for functionalization of alkenes/alkynes has its own challenges: 1) the stability of 
CO2 and 2) necessity for reductants and other additives for reactivity. More recent hydro-
carboxylation reactions are either base metal-catalyzed cyclization carboxylation which 
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generate carboxylated metallocycles or utilize the process of base metal-catalyzed 
hydrometallation carboxylation.151,157,161,162,176,177 The proposed mechanism of 
hydrocarboxylation, Scheme 1.11, proceeds through the following mechanism: reduction 
of the metal center and generation of a metal-hydride, insertion of an unsaturated bond 
(alkene/alkyne), insertion of CO2 through either direct insertion into the metal-alkyl or by 
transmetallation with an organometallic reagent (Grignard/zinc), then subsequent CO2 
insertion, followed by protonolysis/metathesis/elimination.162 The most recent example in 
literature of iron-catalyzed formal hydrocarboxylation was published by Thomas initially 
in 2012.153 The iron-bis(imino)pyridine catalyzed transfer hydrometallation/carboxylation 
will be discussed further in subsequent chapters.  
 
 
 
 
Figure 1.11: Transition metal-catalyzed formal hydrocarboxylation 
pathways.151,153,157–159,172–175 
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Scheme 1.11: Reproduced Transition Metal-catalyzed hydrocarboxylation.162 
Finally, strides have been made in the category of transition metal-catalyzed 
difunctionalization or hetero(element)functionalization. The most common base metal 
catalyst for this type of transformation is Cu, as described by Tsuji, Popp, and 
others.161,164–166 Some recent iron-catalyzed hetero(element)functionalization reactions 
are aminohydroxylation, sulfon-carbocyclization, oxysulfonylation, and carbonylation-
peroxidation-epoxidation, etc. 178–182 These iron-catalyzed difunctionalization reactions 
generate more complex products from available olefins such as aliphatic alkenes and 
vinyl arenes. Figure 1.12 shows some of the work to date for iron-catalyzed 
difunctionalization methodologies. Mechanistic analyses in this class of homogeneous 
iron-catalysis are ongoing. One commonality exists however; these reactions are 
proposed to proceed through radical-based pathways.178–183 Although the body of 
literature for iron-catalyzed difunctionalization reactions is small, the expansion of this 
field is an area of interest given the multitude of Cu, Ni, and noble metal-catalyzed 
systems.  
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Figure 1.12: Iron-catalyzed difunctionalization pathways.178–183 
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1.7. Conclusions 
The development of iron-catalyzed homogeneous catalysis within the past decade 
has prospered by the expansion of multiple classes of reaction methodology. While iron 
is becoming a commonly used transition metal for catalysis owing to its abundance, the 
development of mechanistic studies across organometallic methodologies is relatively 
sparse. Identification and characterization of key intermediates in these synthetic 
pathways has led to the extension in catalysis and paved the way for new mechanistic 
insights into decades old processes. From enzymatic mimics to simple iron salts and 
everything in between, homogeneous iron catalysis has been a class of organometallic 
transformations that has been evolving over the years, yet still consists of a variety of 
routes for mechanistic discovery. The succeeding chapters will describe recent advances 
in the kinetic and mechanistic analyses within the methodology of iron-catalyzed formal 
hydrocarboxylation via hydromagnesiation. 
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Chapter 2. Iron-catalyzed hydromagnesiation 
2.1. Introduction 
Over the past decade, there have been an abundance of advances in hydro-
functionalization reactions catalyzed by base metals. The process of reductive 
functionalization of alkenes/alkynes have been especially prominent with important 
examples such as hydroboration116–118,122,127,129,132–134,137, hydrosilylation104,111,114,116–124 
and hetero(element)-functionalization164–167 which are described in more detail in Chapter 
1.6. An under-explored class of alkene reductive functionalization proceeds through 
transfer hydrometallation, specifically hydromagnesiation11,12,153,157,184–188 or hydro-
zincation151,189–192, unfortunately these systems suffer from limited substrate scope and 
overall regioselectivity. Nevertheless, this class of reactions provide synthetic utility by 
providing more complex, valuable organometallic reagents. One such class of 
organometallic reagent, (aryl)ethyl Grignard, shown in Scheme 2.1A, can be generated 
through transfer hydrometallation of styrene or traditional Grignard synthesis using 1-
bromo-1-phenylethane. (Aryl)ethyl Grignards, much like other Grignard reagents, are 
amenable to electrophilic substitution with a variety of substrates described in Scheme 
2.1B. 
 
Substitution with CO2, an important and underutilized C1 feed stock, yields aryl 
propanoic acids a common pharmacophore in NSAIDs.193 Initial analyses in 
hydrometallation reactions namely with the generation of a neopentyl tethered ibuprofen 
derivative, “neoprofen”, displayed inconsistencies in known trends for reductive 
carboxylation of styrenes. By collaborating with the Dudley lab at West Virginia University, 
the synthesis of these aryl propanoic acids were conducted under 5 different 
methodologies for comparison. Interestingly, all forms of formal hydrocarboxylation via 
transfer hydrometallation resulted in low to moderate yields of “neoprofen” in comparison 
to 3,4-dimethylstyrene and 4-methylstyrene (Figure 2.1). The trend in lower yields and 
sparse mechanistic studies for transfer hydrometallation has introduced the need to have 
a better understanding of this catalytic process overall.12,13,153,170,194,195  
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Scheme 2.1: Synthetic utility of (aryl)ethyl Grignards. A.) Synthesis of Grignard. B.) 
Utility of Grignard reagents. 
 
 
Figure 2.1: Hydrocarboxylation of neopentylene fused styrene yielding “neoprofen”.  
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Kochi described transfer hydrometallation to proceed through “the basic transformation 
of metal-alkyls,” Scheme 2.2A, omitting the likely mechanistic complexity often observed 
with reactions of organometallic reagents.13 Only recently have significant strides been 
made to elucidate the mechanism of these transformations. In 2012, Thomas utilized an 
in situ generated catalyst, 2,6-bis[1-(2,6-diisopropylphenyimino)ethyl]pyridine iron(II) 
dichloride (iron-PDIiPr), to achieve hydromagnesiation of electron-rich and neutral styrene 
derivatives (Scheme 2.3A).153 The subsequent mechanistic analysis in Scheme 2.2B 
revealed: 1) complex kinetic regimes were evident for the catalyst and each substrate; 2) 
DHT (Scheme 2.2A steps 2-3), not BHE/MI (Scheme 2.2A steps 5-6), is the likely 
elementary catalytic step based upon deuterium labeling studies (Scheme 2.3B); 3) the 
resting state, as well as off cycle catalytic intermediates, are characterized as iron(0)-ate 
species.170,195 Up to this point in the literature, the mechanistic investigations described 
above have not defined the further complex kinetic behavior nor do they take into account 
the role of the formation of the linear regioisomer. In this chapter, in situ infrared 
spectroscopy will be used to aid in the mechanistic developments of iron-catalyzed 
hydromagnesiation. A detailed kinetic analysis and numerical modeling of the iron-
catalyzed hydromagnesiation reaction will also be utilized to offer an explanation to the 
kinetic complexity observed and build a mechanistic foundation for the future expansion 
of iron-catalyzed transfer hydrometallation reactions.  
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Scheme 2.2: A) Thomas/Kochi iron(II) mechanism for transfer hydrometallation B) 
Thomas/Neidig iron(0) mechanism.*Reproduced in ChemDraw13,153,195 
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Scheme 2.3: A) Thomas’ Hydromagnesiation, B) Thomas’ deuterium studies. 
Conditions: anhydrous FeCl2 (1 mol%), PDIiPr ligand (1 mol%), S (1.0 eq), GX (1.5 
eq), THF, N2 (1 atm), rt, 1 h. Quench: 1) CO2 (dry) or DMF, rt, 1h; 2) 1.0 M HCl, rt, 
overnight.153,195 
 
2.2. Results 
The mechanistic analysis of iron-catalyzed hydromagnesiation of styrene (S) were 
initiated by examining Thomas’ conditions with cyclopentyl Grignard (GCYP) and isolated 
(PDIiPr)FeCl2 using a ReactIR ic15 system by Mettler Toledo (Scheme 2.4). GCYP was 
previously shown by Thomas to be an efficient sacrificial Grignard, leading to high yields 
of branched Grignard product, BR, albeit with slightly lower regioselectivity compared to 
ethyl Grignard, GEt.153 Therefore, simplification of kinetic reaction analysis was achieved 
by using GCYP owing to the formation of cyclopentene, CYP, a soluble alkene compared 
to gaseous ethylene. The lower regioselectivity when using GCYP also allows for infrared 
characterization of linear Grignard, L. The identification of the infrared spectral signatures 
for BR and L were assigned as 1590 and 1602 cm-1, respectively (Figure 2.2). Through 
spectral deconvolution described in the Experimental Appendix section E.4, the reaction 
timecourses for both regioisomers were obtained, shown in Figure 2.3. Exponential growth 
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of both products allows for a full characterization of the hydromagnesiation process using 
both initial rate and observed rate determination. 
 
 
Scheme 2.4: Iron-catalyzed hydromagnesiation with cyclopentylMgBr, GCYP. 
Conditions: anhydrous (PDIiPr)FeCl2 (1 mol%), S (1.0 eq, 0.87 mmol, 0.3 M), GCYP (1.5 
eq, 1.3 mmol, 0.43 M), THF, argon (1 atm), rt, 1 h. Quench: 1) CO2 (dry), rt, 1h; 2) 1.0 
M HCl, rt, overnight.  
 
 
Figure 2.2: Frequency analysis of the absorbances of the starting material and the 
product from Scheme 2.4. Normalized extinction coefficient vs wavenumber. (*small 
shoulder acquired from 1-bromo-1-phenylethane overlap) 
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Figure 2.3: Reaction time courses. A) 3D time course over the first 5 minutes of 
reactivity; B) 2D time course fitted to an exponential. 
 
 
Kinetic analyses of the hydromagnesiation reactions were performed by independently 
varying the concentration of reactants, catalyst, and cyclopentene. The initial rate and 
observed rate results, as described in Figure 2.4, reveal kinetic behavior that is rather 
complex. Namely, initial rates indicating non-linear kinetic behavior for both catalyst and 
GCYP, while linear behavior with a non-zero intercept was observed for styrene, S. The 
analysis of the observed rates increased the overall reaction kinetics complexity. These 
analyses indicated linear kinetic behavior for catalyst and inhibitory behavior for both GCYP 
and S at low concentrations. When concentrations of the substrates are similar or in 
excess, the observed rate behavior changes with GCYP displaying a non-linear behavior 
and S demonstrating no change in rate. Based upon Thomas’ previous studies, a change 
in observed kinetic behavior may suggest that transmetallation to generate a new Grignard 
product is the turnover limiting step, TLS.153,170,195 Further analysis is needed to confirm 
this assumption. Lastly, addition of exogenous CYP, up to 15 equivalents relative to S, 
shows no effect on initial rate or observed rate (Figure 2.5).  
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Figure 2.4. Concentration dependencies of initial and observed rates for catalyst and 
substrates. Points in red represent standard reaction conditions (see Scheme 2.4). 
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Figure 2.4: Initial rate dependence of cyclopentene: [(1-phenylethyl)MgBr] vs time. 
Conditions: 0.291 M S; 2.91 mM (PDIiPr)FeCl2; 0.434 M G; x mol% CYP; 1 hour; THF; 
rt. 
Numeric simulation using COmplex PAthway Simulator (COPASI) was used given the 
complexity of the kinetic behavior to determine probable mechanisms of transfer 
hydromagnesiation.196 Parameter estimations using evolutionary programming and 
Livermore Solver for Ordinary Differential Equations (LSODA) deterministic timecourse 
analysis allowed for comparison to experimentally collected timecourses. With simulation 
cost taken into consideration, a collection of ten timecourses were chosen to reflect various 
experimental regimes and used for numeric fitting. The Experimental Appendix fully 
describes the details of numeric modeling and the use of Cohen’s κ for assessing 
agreement between numerical and experimental timecourses (Table 2.1).  
 
Table 2.1: Cohen’s Kappa agreement definition 
𝜿 =
𝒐𝒃𝒔𝒆𝒓𝒗𝒆𝒅% − 𝒆𝒙𝒑𝒆𝒄𝒕𝒆𝒅%
𝟏 − 𝒆𝒙𝒑𝒆𝒄𝒕𝒆𝒅%
 
𝜿 < 𝟎 Minimal agreement 
𝟎. 𝟏 < 𝜿 < 𝟎. 𝟐 Slight agreement 
𝟎. 𝟐𝟏 < 𝜿 < 𝟎. 𝟒 Fair agreement 
𝟎. 𝟒𝟏 < 𝜿 < 𝟎. 𝟔 Moderate agreement 
𝟎. 𝟔𝟏 < 𝜿 < 𝟎. 𝟖 Substantial agreement 
𝟎. 𝟖𝟏 < 𝜿 < 𝟎. 𝟗𝟗 Near-perfect /excellent agreement 
𝜿 = 𝟏 Perfect agreement 
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Table 2.2: Calculated rate constants from COPASI for Scheme 2.2A direct β-hydride 
transfer mechanism 
Rxn # Conditions kforward kreverse 
1 P + G = CG 73.10 3.39x10-5 
2 CG + S = CGS 1.859 1.0x10-6 
3 CGS = CP + CYCLOPENTENE 1439.75 568974 
4 CP + G = CG + BR 6.841 6.5x10-6 
 
Table 2.3: Calculated rate constants from COPASI for Scheme 2.2A β-hydride 
elimination/migratory insertion mechanism 
Rxn # Conditions kforward kreverse 
1 P + G = CG 826281 53040.3 
5 CG = CGH + CYCLOPENTENE 3119.42 2.861 
6 CGH + S = CP 688.19 0.726 
4 CP + G = CG + BR 2.048 346090 
 
Table 2.4: Calculated rate constants from COPASI for Scheme 2.2B β-hydride 
transfer 2019 mechanism 
Rxn # Conditions kforward kreverse 
1 P + 3*G -> CG•CYP 7.53E+3  
2 CG•ET = CG + CYCLOPENTENE 0.519 3.87E+4 
3 CG + S = CGS 2.07E+3 0.00418 
4 CGS = CP  0.906 3.71E-6 
5 CP + G = CG•CYP + BR 15.8 5.37E-5 
6 CG + N2 = CG•N2 81.3 3.07 
7 CP + S = CP•S 4.67E+3 42.7 
 
Figure 2.6. Reaction time course and COPASI calculated time courses for 
mechanisms in Scheme 2.2, [(1-phenylethyl)MgBr] vs time. Conditions: 0.29 M S; 2.91 
mM (PDIiPr)FeCl2; 0.43 M G; 1 hour; THF; 25 °C. 
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To begin the kinetic analysis of hydromagnesiation, the two simplified iron(II)-catalyzed 
β-hydride elimination/migratory insertion (BHE/MI) and direct β-hydride transfer (DHT) 
mechanisms suggested by Kochi and Thomas were analyzed (Scheme 2.2A). Poor 
agreement with experimental timecourses were noted for nearly all COPASI estimated 
timecourses, shown in Figure 2.6 and Tables 2.2-4. The new mechanistic studies which 
identifies the active catalyst as a formal iron(0)-ate species by Thomas and Neidig also 
afforded poor agreement computationally (Scheme 2.2B, Figure 2.6). These results were 
not unexpected given the non-linearity of the catalyst and Grignard initial rates data. A 
hyperbolic function fit for the catalyst initial rate data (Figure 2.4A) potentially suggests 
one of two pathways 1) bimolecular decomposition (Scheme 2.5A) or 2) competitive 
activation.197,198 The introduction of an iron decomposition step appeared reasonable 
based on reported bimolecular reactions of (PDIiPr)FeCl2; however, all attempts at 
bimolecular decomposition resulted in minimal agreement (Table 2.5; Figures 2.7-8;  κ =  
-0.8).199,200 Therefore, a competitive activation pathway might explain the hyperbolic fit of 
the initial rate catalyst analysis. However, more evidence for a competing activation route 
is needed. The Grignard rate analysis (Figure 2.4C) suggests an apparent saturation 
behavior based upon a Lineweaver-Burk analysis (Figure 2.9). Addition of a complexation 
of PDIiPr-iron magnesium species also appeared logical by analogy to the organoaluminum 
complexes with polymerization catalysis, shown in Scheme 2.5B insert.76 Alas, minimal 
timecourse agreement was observed in this case as well (Table 2.6; Figures 2.10-11; κ = 
-0.60). 
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Scheme 2.5: Proposed mechanism introducing A) catalyst decomposition and B) 
Grignard speciation. 
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Table 2.5: Calculated rate constants from COPASI for Scheme 2.5A 
Rxn # Conditions kforward kreverse 
1 I + G = II 23.95 88.37 
2 II + S = II•S 35.54 0.00017 
3 II•S = III + CYP 1.43 298.44 
4 III + G = BR + II 1128.97 26247 
5 I + I = DECOMPOSITON 20.68 10557 
 
 
 
 
 
Figure 2.7: Reaction time course and COPASI calculated time courses, [(1-
phenylethyl)MgBr] vs time. Conditions: 0.291 M S; 2.91 mM (PDIiPr)FeCl2; 0.434 M G; 
1 hour; THF; 25 °C. 
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Figure 2.8: Reaction time course and COPASI calculated time courses, [(1-
phenylethyl)MgBr] vs time. Conditions: 0.291 M S; 2.91 mM (PDIiPr)FeCl2; 0.434 M G; 
1 hour; THF; 25 °C. Varied reaction parameter noted in timecourse plot. Cohen’s 
kappa: minimal agreement 𝜅 =  
(10%)−(50%)
1−50%
=  −0.8  
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Figure 2.9: Lineweaver-Burk analysis of the Grignard dependence, [(1-
phenylethyl)MgBr] vs time. Conditions: 0.291 M 1; 2.9 mM (PDIiPr)FeCl2; x M 2; 1 hour; 
THF; rt. 
 
Table 2.6: Calculated rate constants from COPASI for Scheme 2.5B 
Rxn # Conditions kforward kreverse 
1 I + G = II 8.54 9.02 
2 II + S = II•S 241.25 0.1299 
3 II•S = III + CYP 0.460 0.842 
4 III + G = III•G 0.233 220.42 
5 III•G = BR + II 22761.5 4020.25 
 
 
Figure 2.10: Reaction time course and COPASI calculated time courses, [(1-
phenylethyl)MgBr] vs time. Conditions: 0.291 M S; 2.91 mM (PDIiPr)FeCl2; 0.434 M G; 
1 hour; THF; 25 °C. 
 
 
-41- 
 
 
Figure 2.11: Reaction time course and COPASI calculated time courses, [(1-
phenylethyl)MgBr] vs time. Conditions: 0.291 M S; 2.91 mM (PDIiPr)FeCl2; 0.434 M G; 
1 hour; THF; 25 °C. Varied reaction parameter noted in timecourse plot. Cohen’s 
kappa: minimal agreement 𝜅 =  
(20%)−(50%)
1−50%
=  −0.6  
 
Elementary steps were introduced to assess the mechanistic impact of three complex 
kinetic observations: 1) linear initial rate dependence with a non-zero intercept for S 
(Figure 2.4E); 2) inhibitory behavior for both S and GCYP at low concentrations; 3) varying 
amounts of Grignard product, L, depending on reaction conditions. First, the non-zero 
intercept first order behavior of S suggests the possibility of a styrene-promoted catalyst 
activation, shown in Scheme 2.6A (Steps 1A-2A). This styrene-promoted catalyst 
activation in this case, based upon COPASI calculated rate constants, outcompetes the 
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unaided Grignard activation (Steps 1-2). In enzymatic kinetics, this behavior is well known 
and results in hyperbolic catalyst dependencies, thus alludes to the explanation of the 
experimentally determined catalyst hyperbolic initial rates regime.201 The mechanism in 
Scheme 2.6A, though a minimal increase in agreement was observed (Table 2.7; Figure 
2.12-13; κ = -0.6), did not account for the formation of the two regioisomers, branched 
product (BR) and linear product (L), nor did it justify the saturation dependence of GCYP. 
Scheme 2.6B aims to rationalize both instances.  Introduction of steps 2 and 2B in Scheme 
2.6B increased the agreement from -0.6 to -0.4 (Table 2.8; Figures 2.14-15); therefore, 
the complexities noted by the observed rates in Figure 2.4D,F need to be accounted for. 
 
 
Scheme 2.6: A) Proposed mechanism introducing a styrene catalyzed activation, B) 
Proposed mechanism introducing a 2-step styrene catalyzed activation. (L = PDIiPr, L 
= linear isomer) 
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Table 2.7: Calculated rate constants from COPASI for Scheme 2.6A 
Rxn # Conditions kforward kreverse 
1A I + S = I•S 0.014 6.15x10-6 
2A I•S + G = II•S 2770.2 1.0x10-6 
1 I + G = II 48.65 1.0x10-6 
3 II + S = II•S 859.28 15.39 
4 II•S = III + CYP 19.75 1022.8 
5 III + G = BR + II 1.026 2.29x10-5 
 
 
 
 
 
 
 
 
Figure 2.12: Reaction time course and COPASI calculated time courses, [(1-
phenylethyl)MgBr] vs time. Conditions: 0.291 M S; 2.91 mM (PDIiPr)FeCl2; 0.434 M G; 
1 hour; THF; 25 °C. 
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Figure 2.13: Reaction time course and COPASI calculated time courses, [(1-
phenylethyl)MgBr] vs time. Conditions: 0.291 M S; 2.91 mM (PDIiPr)FeCl2; 0.434 M G; 
1 hour; THF; 25 °C. Varied reaction parameter noted in timecourse plot. Cohen’s 
kappa: minimal agreement 𝜅 =  
(20%)−(50%)
1−50%
=  −0.6  
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Table 2.8: Calculated rate constants from COPASI for Scheme 2.6B 
Rxn # Conditions kforward kreverse 
1A I + S = I•S 6246.05 1.372 
2A I•S + G = I•S•G 134.87 14.86 
2B I•S•G = II•S 0.0224 0.0731 
1 I + G = I•G 0.000315 0.000814 
2 I•G = II 36697.3 69.89 
3 II + S = II•S 21.99 0.00439 
4 II•S = IIIBR + CYP 2.087 12018.3 
5 IIIBR + G = BR + II 3734.54 0.221 
6 II•S = IIIL + CYP 0.116 8.09x10-6 
7 IIIL + G = II + L 0.0333 0.000258 
 
 
 
Figure 2.14: Reaction time course and COPASI calculated time courses, [(1-
phenylethyl)MgBr] vs time. Conditions: 0.291 M S; 2.91 mM (PDIiPr)FeCl2; 0.434 M G; 
1 hour; THF; 25 °C.  
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Figure 2.15: Reaction time course and COPASI calculated time courses, [(1-
phenylethyl)MgBr] vs time. Conditions: 0.291 M S; 2.91 mM (PDIiPr)FeCl2; 0.434 M G; 
1 hour; THF; 25 °C. Varied reaction parameter noted in timecourse plot. Cohen’s 
kappa: minimal agreement 𝜅 =  
(60%)−(50%)
1−50%
=  −0.4  
 
To explain the inhibitory behavior of styrene at low concentrations, a reversible 
pathway by which iron-benzyl, IIIBR, may be trapped off-cycle preceding the TLS step, 
transmetallation (step 5), was introduced (Scheme 2.7, Step 8). The resulting COPASI 
timecourse analysis, with all elementary steps set as reversible, yielded excellent 
agreement over the entire timecourse collection (Scheme 2.7; Figure 2.16-17; and κ = 
0.80). Significantly, all attempts to identify a mechanism in which a distinct Fe-H 
intermediate (BHE/MI pathway described initially by Kochi) was kinetically relevant were 
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unsuccessful, supporting Thomas’ proposal that this hydromagnesiation proceeds through 
a DHT pathway. Although the means of hydride transfer favor DHT over BHE/MI, 
experimental evidence for DHT over BHE/MI by initial rates/observed rates analyses is still 
considered to be kinetically transparent. 
 
Scheme 2.7: Proposed mechanism introducing a catalyst decomposition pathway by 
styrene. (L = PDIiPr, L = linear isomer) 
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Table 2.9: Calculated rate constants from COPASI for Scheme 2.7 
Rxn # Conditions k.forward k.reverse 
1A I + S = I•S 223087.0 0.262 
2A I•S + G = I•S•G 16810.4 0.126 
2B I•S•G = II•S 41459.4 0.00116 
1 I + G = I•G 1.13 904.08 
2 I•G = II 46.24 0.086 
3 II + S = II•S 12.062 0.060 
4 II•S = IIIBR + CYP 0.32 0.011 
5 IIIBR + G = BR + II 0.41 2.88 
6 II•S = IIIL + CYP 0.069 0.40 
7 IIIL + G = II + L 2.62 5.74 
8 IIIBR + S = IIIBR•S 0.0016 8.85x10-5 
 
 
 
 
Figure 2.16: Reaction time course and COPASI calculated time courses, [(1-
phenylethyl)MgBr] vs time. Conditions: 0.291 M S; 2.91 mM (PDIiPr)FeCl2; 0.434 M G; 
1 hour; THF; 25 °C.  
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Figure 2.17: Reaction time course from and COPASI calculated time courses, [(1-
phenylethyl)MgBr] vs time. Conditions: 0.291 M S; 2.91 mM (PDIiPr)FeCl2; 0.434 M G; 
1 hour; THF; 25 °C. Varied reaction parameter noted in timecourse plot. Cohen’s 
kappa: excellent agreement 𝜅 =  
(90%)−(50%)
1−50%
=  0.80  
 
Thomas noted that linear Grignard, L, isomerized to branched Grignard, BR, in the 
presence of an alkene and iron catalyst.153,170,195 The isomerization reaction in the 
presence of styrene (10 mol% and 100 mol%) was monitored by in situ IR spectroscopy 
and the observed rate of isomerization was calculated to be only a single order of 
magnitude slower than the initial rate of hydromagnesiation (Figure 2.18), implying that 
the isomerization process is kinetically relevant under certain reaction regimes. A direct 
isomerization path from IIIL to IIIBR was considered, Scheme 2.8. Upon introduction of this 
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new step, shown in Scheme 2.8 and Step 9, poorer agreement was observed when 
elementary steps 1-8 were set as reversible. Recognizing that previous mechanistic work 
with GEt led to the conclusion that formation of both intermediates IIIBR and IIIL, and product 
BR were irreversible, steps 4–6 were also evaluated as irreversible within the numeric 
model with COPASI. The resulting kinetic model exhibited excellent agreement (κ = 0.84) 
over all timecourses collected (an assortment of 24 data sets), see Figures 2.19-21. The 
irreversibility of Step 9 is also connected to both the findings of isomerization reported in 
Figure 2.18 and previous deuterium studies discussed by Thomas, Greenhalgh, and 
Neidig, wherein BR does not reenter the catalytic cycle (Scheme 2.3B).153,170,195 The 
kinetic model was then used to predict, with good agreement, timecourse data for a 
reaction in which regioselectivity is initially poor but improves steadily over time as 
observed previously by Thomas (Figure 2.21).153,170,195  
 
 
Figure 2.18: Isomerization of linear Grignard to branched followed by carboxylation, 
Area of Gaussian vs time. Conditions: 0.027 M, 0.27M S; 2.9 mM (PDIiPr)FeCl2; 0.27 
M L; 1 hour; THF; rt. 
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Scheme 2.8: Proposed mechanism of iron-catalyzed hydromagnesiation. (L = PDIiPr, 
L = linear isomer) 
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Table 2.10: Calculated rate constants from COPASI for Scheme 2.8 
Rxn # Conditions k.forward k.reverse 
1A I + S = I•S 39990 1.76 
2A I•S + G = I•S•G 262.64 0.083 
2B I•S•G = II•S 54551.6 1.28x10-4 
1 I + G = I•G 5.83 4421.84 
2 I•G = II 68.71 0.53 
3 II + S = II•S 1.37 0.29 
4 II•S -> IIIBR + CYP 1.35 --- 
5 IIIBR + G -> BR + II 1.41 --- 
6 II•S -> IIIL + CYP 0.22 --- 
7 IIIL + G = II + L 0.39 43.74 
8 IIIBR + S -> IIIBR•S  0.0072 2.03x10-4 
9 IIIL + S = IIIBR + S 0.0084 --- 
 
 
 
 
 
Figure 2.19: Reaction time course from and COPASI calculated time courses, [(1-
phenylethyl)MgBr] and [(2-phenylethyl)MgBr] vs time. Conditions: 0.291 M S; 2.91 
mM (PDIiPr)FeCl2; 0.434 M G; 1 hour; THF; 25 °C. 
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note: Figure 2.20 continued onto page 54 
 
 
-54- 
 
 
Figure 2.20 Reaction time course from and COPASI calculated time courses, [(1-
phenylethyl)MgBr] vs time. Conditions: 0.291 M S; 2.91 mM (PDIiPr)FeCl2; 0.434 M G; 
1 hour; THF; 25 °C. Varied reaction parameter noted in timecourse plot. Cohen’s 
kappa: excellent agreement 𝜅 =  
(92%)−(50%)
1−50%
=  0.84  
 
 
Figure 2.21: Predictions from COPASI for the isomerization of linear styrene with 
high concentrations of Grignard, [(1-phenylethyl)MgBr] vs time ( • ) and [(2-
phenylethyl)MgBr] vs time ( • ). Conditions: 0.291 M S; 2.91 mM (PDIiPr)FeCl2; 0.434 
M G; 1 hour; THF; 25 °C.  
 
Rationalizations for the complex observed kinetic dependencies were determined by 
simulating timecourse data under various concentration regimes using the collection of 
elementary steps and rate constants (Table 2.10). When the concentration of catalyst was 
varied at a higher concentration of Grignard substrate (3 equiv), the non-linear catalyst 
dependence became linear, Figure 2.22A. Gratifyingly, these prediction results were 
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reinforced experimentally (Figure 2.22A). Further,  when the model was altered such that 
Step 7 (transmetallation to form L) was irreversible, the catalyst dependence also became 
linear (Figure 2.22B), strongly suggesting that the hyperbolic catalyst dependence, 
measured by initial rates, is a consequence of a complex dynamic between active catalyst 
and linear Grignard product as catalyst loading increases. 
 
The kinetic model in Scheme 2.8 was then applied to Thomas’ 2012 reported reaction 
timecourse using GEt, under an N2 gas.153 The predicted timecourse fits the data well  given 
that off-cycle low valent iron-dinitrogen species were observed and characterized by 
Thomas/Neidig (Scheme 2.5 and Figure 2.23).195 This demonstrates the likelihood that 
this kinetic model provides a mechanistic foundation by which similar transfer 
hydrometallation reactions with different Grignard reagents or alkene derivatives can be 
understood. These trends will be further discussed in Chapters 3 and 4. Catalytically 
competent low-valent iron species resulting from decomposition of PDI-iron active catalyst 
were not considered in the kinetic modeling, specifically the generation of Thomas/Neidig’s 
(η2-styrene)3 iron(0)-benzylic anion.195 Deviation from agreement with experimental data 
may reflect the contribution of secondary catalytic pathways not accounted for in the 
proposed mechanism in Scheme 2.8. 
 
Figure 2.22: Kinetic predictions based on reactions and rates tabulated in Table 2.1.  
(A) Non-linear and linear initial rate catalyst dependencies (experimental data •; 
predicted data ∎) under standard catalytic conditions. (B) Instantaneous Rates vs 
[(PDI)FeCl2] (Our Mechanism  • ) and  (Irreversible Linear Trans-metallation  • ). 
Conditions: 0.291 M S; x mM (PDIiPr)FeCl2; 0.434 M G; 1 hour; THF; 25 °C.  
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Figure 2.23: Timecourse data reported by Thomas with fit to proposed mechanism: 
Conditions: 0.23 M styrene, 0.5 mM (PDIiPr)FeCl2, 0.35 M Grignard, 5 h, THF, rt, N2 
(1 atm).153,195 
Through similar timecourse simulations, specifically the removal of Steps 6-9 
(formation of linear Grignard, L, and trapping iron catalyst off-cycle, IIIBR•S), the observed 
rate vs. concentration behavior no longer qualitatively reflected the experimentally 
observed inhibitory behavior of Grignard and styrene substrates at low concentration 
(Figure 2.24), as seen in the kobs dependencies (Figure 2.4D and 2.4F). Owing to the 
absence of mirrored kinetic behavior, the processes of isomerization and formation of key 
off-cycle intermediates were determined to play a crucial role in the complex observed 
substrate dependence kinetics.  
 
Figure 2.24: Kinetic predictions based on reactions and rates tabulated in Table 2.10.  
(A) Predicted styrene dependencies upon changing mechanism (proposed mechanism 
data •; changed mechanism data •) under standard catalytic conditions. (B) Predicted 
cyclopentylMgBr dependencies upon changing mechanism (proposed mechanism 
data •; changed mechanism data •) under standard catalytic conditions. 
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 Finally, Scheme 2.8 depicts a concise mechanism consisting of the 12 elementary 
steps of hydromagnesiation. Based upon recent work by Chirik and Thomas/Neidig, formal 
(PDI)iron(0) species results rapidly upon treatment of iron(II) pre-catalyst with >20 equiv. 
of Grignard reagent (GCYP).95,195,202–204 Thus, a formal iron(0) species I, ligated by 
cyclopentene (CYP) or solvent (THF), enters the catalytic cycle through competing 
pathways of ligand substitution. Pathway 1 occurs with an equivalent of Grignard reagent, 
under limiting styrene conditions, to form first an adduct I•G which enters the catalytic cycle 
as iron-alkyl II. The second pathway, ligand substitution with styrene (S), yields I•S that 
subsequently undergoes transmetallation and enters the catalytic cycle as styrene-bound 
iron-alkyl II•S. Intermediate II•S undergoes competing 2,1- and 1,2-hydride transfer 
pathways to yield iron-benzyl, IIIBR, and iron-homobenzyl, IIIL. The rate constants for the 
forward reactions indicate approximately 6.1-fold faster formation of IIIBR, Table 2.10. The 
irreversibility of steps 4, 6, and 9 is consistent with experimental observations made with 
cyclopentene and other disubstituted alkenes by Thomas.153,170,195 Transmetallation of 
IIIBR with GCYP is favored over IIIL. The reversibility of transmetallation of IIIL (step 7) leads 
to the irreversible isomerization of IIIL to IIIBR in the presence of excess styrene. The 
irreversibility of Step 5,  transmetallation of IIIBR, is consistent with previous deuterium 
studies discussed by Thomas, wherein branched Grignard product does not reenter the 
catalytic cycle (Scheme 2.3B).153,170,195  Finally, IIIBR may react with another equivalent of 
styrene to form off-cycle alkene adduct IIIBR•S. Such a species would be necessary to 
access the catalytically competent off-cycle (η2-styrene)3Fe0(benzyl) anion intermediate 
identified and independently prepared by Thomas and Neidig.195 Their study showed this 
species accounted for a small percentage of catalytically active iron at early time points 
then increased steadily over the course of the reaction, up to 38% of iron speciation for m-
methoxystyrene.195 This observed catalyst decomposition behavior is consistent with 
approximately 103 slower formation of IIIBR•S relative to formation of branched Grignard 
product via transmetallation (Step 5, Table 2.10).  
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2.3. Conclusions 
In summary, one of the first in depth mechanistic studies of hydromagnesiation, an 
underutilized class of alkene hydrofunctionalization reactions, has been described by this 
study. Using in situ infrared spectroscopic studies and global numeric modeling, a detailed 
understanding of the kinetic complexities of hydromagnesiation of styrene by an iron-PDIiPr 
catalyst has been achieved. The following chapters will aim at identifying the 
electronic/steric features of the sacrificial organometallic reductant and alkene substrate 
that lead to efficient and selective catalysis.    
2.4. Comments 
The discussion of this work has now been accepted by Organometallics.1  
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Chapter 3. Iron-catalyzed hydromagnesiation: Effects of styrene 
3.1. Introduction 
In 2012, Thomas and Greenhalgh demonstrated that a variety of vinyl arene 
substrates efficiently underwent hydromagnesiation. These substrates, most of which 
displayed electron donating (EDG) character, with ethylMgBr (GEt) yielded high 
regioselectivity for the branched Grignard/carboxylic acid regioisomer (BR).153,170,195 
Scheme 3.1 illustrates a small selection of the overall reaction substrate scope published 
in 2012.153 Electron deficient substrates, such as p-fluoro styrene, resulted in low yields 
and high branched regioselectivity. In 2016, Greenhalgh began to develop a discussion 
of reactivity based upon the electronic nature of the vinyl arene.170 Using a Hammett 
correlation, Greenhalgh determined that electron rich substrates were favored which was 
substantiated by a largely negative ρ value (ρ = -2.2).170 Such a large ρ value generally 
describes a buildup of positive charge in the transition state, possibly at the benzylic 
position of styrene. This characterized analysis suggests that hydride transfer would not 
be the turn-over limiting step (TLS). As discussed in Chapter 2 and by Thomas and 
coworkers,153,170,195 the TLS was concluded to be transmetallation to generate the BR. 
However, this does not discuss the reaction selectivity for EDG-substituted styrenes. In 
2016, Greenhalgh described two intermediates that would explain the electronic 
selectivity.170 First, EDG-substituted styrenes favor the catalytically-active mono-styrene 
iron intermediate whereas electron deficient styrenes would favor a bis-styrene iron 
species that is catalytically inactive and may lead to decomposition (Scheme 3.2).170 
Second, owing to increased back-bonding of a reduced iron center to an electron deficient 
styrene, the hydride transfer from the alkyl group to the β-position of the vinyl group would 
be difficult due to the increased probable metallocyclopropane character.170 These 
suggestions and further descriptions of the reactivity with styrene derivatives is the aim 
of this chapter to develop a better understanding of the electronic selectivity of iron-
catalyzed hydromagnesiation. 
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Scheme 3.1: Thomas’ Hydromagnesiation. Conditions: anhydrous FeCl2 (1 mol%), 
PDIiPr ligand (1 mol%), S (1.0 eq), GEt (1.5 eq), THF, N2 (1 atm), rt, 2 h. Quench: 1) 
CO2 (dry), rt, 1h; 2) 1.0 M HCl, rt, overnight.153 
 
Scheme 3.2: Thomas’ possible explanations for a negative ρ value for iron-catalyzed 
hydromagnesiation of electronically different vinyl arenes.153,170,195 
 
3.2. Results 
Using the initial rates and observed rates analyses developed in Chapter 2, the 
concentration effects of a variety of para-substituted electron rich styrenes were studied. 
Our analysis began with the comparison of p-substituted Grignard reagents and the 
hydromagnesiated time courses. Unfortunately, upon analysis of the independently 
synthesized ({p-substituted}aryl)ethyl Grignard, the absence of a signal within the region 
of 1610-1570  cm-1 suggested a new stretching frequency was needed for analysis. The 
region of 1500 cm-1 for each p-substituted styrene was used for the remainder of the 
analysis in this chapter, as seen in Figure 3.1. The initial rates were normalized for 
comparison with styrene. Following the same IGOR deconvolution methods, the 
individual timecourses for each styrene derivative were calculated and used for initial rate 
and observed rate kinetic analyses.  
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Figure 3.1: Frequency analysis of the absorbances of the starting material and the 
product from Scheme 3.1. Absorbance vs wavenumber. A) p-methylstyrene; B) p-
methoxystyrene 
OMe
tBu
iBu
Me
H
OMe
tBu
iBu
Me
H
 
Figure 3.2: Hammett Parameters calculated from the initial rate and observed rates 
analyses: A) Reaction conditions and yields; B) Initial rates Hammett Correlation; C) 
observed rate correlation. 
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Figure 3.2B corroborates Thomas’s findings of a large ρ value for the initial rate 
Hammett correlation. Surprisingly, when using a Hammett correlation to compare the 
observed rate kinetics, a complex arrow shaped correlation is noted, Figure 3.2C. This 
would suggest that the mechanism of the reaction would change as the electron donating 
character increases.205,206 Without any justification for this kinetic complexity, 
concentration dependencies of multiple electron rich vinyl arenes were probed. Thomas 
and Neidig, following the groundwork laid down by Greenhalgh, began characterizing the 
concentration dependencies of 3 vinyl arenes: p-tert-butylstyrene, m-methoxystyrene, 
and o-methoxystyrene.170,195 Their findings at low concentrations of catalyst describe a 
saturation dependence on each substrate, styrene (S) and ethylMgBr (GEt).170,195 This 
may allude to the reaction complexity defined in Chapter 2. Concentration dependencies 
were identified for four electron rich substrates: p-methylstyrene (SMe), p-isobutylstyrene 
(SiBu), p-tert-butylstyrene (StBu) and p-methoxystyrene (SOMe). These vinyl arene 
derivatives resulted in saturation initial rate dependencies. However, in comparison to the 
initial rate dependence of styrene (S), the trends also do not bisect the origin (Figure 
3.3A). As with the discussion of S dependence and its complexities in Chapter 2, the 
resultant non-zero intercept saturation dependence of the vinyl arenes may still allude to 
a competing activation pathway. The observed rate dependencies of each derivative also 
mimic the inhibition at low concentrations of S (Figure 3.3B). This inhibition could still be 
attributed to the off-cycle reaction of vinyl arene with iron-benzyl. Further COPASI 
timecourse modeling and parameter estimation would aim to deconvolute the electronic 
specificity of iron-catalyzed hydromagnesiation utilizing the mechanism determined in 
Chapter 2 (Reproduced as Scheme 3.3 for convenience).  
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Scheme 3.3: Proposed mechanism of iron-catalyzed hydromagnesiation. (L = PDIiPr, 
L = linear isomer) 
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Table 3.1: Calculated rate constant ratio (kf/kr or kf for irreversible reactions) from 
COPASI for Scheme 3.3 
Reaction 
 
1A 8.64x104 1.11x105 4.23x104 1.96x104 2.27x104 
2A 689.1 8.50x104 9.46x103 1.67x103 3.16x103 
2B 1.87x108 3.10x1010 1.20x109 1.34x107 4.26x108 
1 0.0117 0.081 0.060 0.020 0.0013 
2 2.74x103 5.47x105 5.49x103 8.83x103 129.6 
3 2.51 1.30 1.36 1.04 4.72 
4 1.62 2.849 1.89 1.22 1.35 
5 8.25 13.31 6.64 2.83 1.41 
6 1.66 2.29 0.654 0.394 0.22 
7 0.0868 16.9 4.13 0.673 0.0089 
8 18.4 2.13x103 957.0 30.8 35.5 
9 0.042 0.378 0.014 0.019 0.0084 
 
 
Figure 3.3: Concentration dependencies of various styrene derivatives: A) Initial 
rates; B) observed rate. 
 
 
Upon estimating individual COPASI parameters for each styrene derivative using the 
mechanism in Scheme 3.3, calculated timecourses for six concentration variants for each 
derivative resulted in substantial to excellent fit (Figure 3.4 and κ = 0.67-0.9). COPASI 
calculated rate parameters for each derivative can be used to assess the overall 
calculated rate constant ratio (kf/kr). This ratio can compare key intermediate steps to 
describe the complex experimental kinetic analyses. For the reactions that are described 
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as irreversible (4-6 & 9), the forward reaction calculated rate constant was used in the 
comparison. Based upon the initial rates analyses of each styrene derivative (Figure 3.3A) 
it could be suggested that dual initiation pathways are still viable and that the path 
containing styrene activation was still significantly faster than initiation by Grignard. 
Consequently, once the effect of catalytic turnover was addressed (steps 3-9) there were 
noticeable differences among the rate constants and TLS based upon the observed rate 
constant Hammett correlation (Figure 3.2B). The comparison of rate constant ratios is 
shown in Table 3.1.   
 
*Figure 3.4 continued on page 66 
 
 
-66- 
 
  
Figure 3.4: COPASI calculated Reaction time courses, [(1-(4-substituted) 
phenylethyl)MgBr] vs time. Conditions: x M 1; 2.9 mM (PDIiPr)FeCl2; 0.434 M 2; 1 hour; 
THF; rt. *See Figure for derivative concentrations. Cohen’s kappa: SMe: substantial 
agreement 𝜅𝑀𝑒  =  
(83%)−(50%)
1−50%
=  0.67; SiBu: excellent agreement 𝜅𝑖𝐵𝑢  =  
(95%)−(50%)
1−50%
=
 0.90; StBu: excellent agreement 𝜅𝑡𝐵𝑢  =  
(90%)−(50%)
1−50%
=  0.80; SOMe: substantial 
agreement 𝜅𝑂𝑀𝑒  =  
(86%)−(50%)
1−50%
=  0.72  
 
 
As the EDG character increased, the rate constants of steps 4-9 increased. This 
interesting result is concluded to be a new competition between the styrene insertion 
pathways. This competition yielded in lower regioisomer ratios seen experimentally. 
Though this does provide an explanation for the regioselectivity of each analyzed styrene 
derivative, it does not fully explain the reduced yields resulting from SOMe. In 2012, 
Thomas and Greenhalgh commented on a reduced yield with 3,4-dimethoxystyrene. They 
stated that this reduction in yield is “possibly due to Grignard-mediated demethylation.”153 
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This Grignard-mediated side reaction may also attribute to the decreased yield for SOMe. 
The close association of an electrophilic metal center to the p-alkoxy group, generating a 
possible oxonium in solution, may introduce a higher σ-value (σ > -0.2) when compared 
to a neutral alkoxy group. A similar discussion of a change in σ-value based upon the 
introduction of a positive charge has been noted upon changing a p-dimethylamine (σ = 
-0.86) to a p-trimethylammonium (σ = 0.82).207 
 
With the assistance of Prof. Brian Popp, the natural charges were calculated using 
Gaussian 16 and NBO 3.1 for the benzylic carbon in the vinyl arene as well as the benzylic 
anion.208,209 Upon association of an electrophilic metal center to the p-alkoxy group, the 
electron rich character of the vinyl arene decreases, changing the overall relationship of 
the linear free energy, thus, resulting in a σ-parameter more closely related to an EWG. 
Figure 3.5 shows the relationship of the calculated natural charges and the Hammett 
correlation value (σ). 
 
 
 
Figure 3.5: Calculated natural charge of the benzylic carbon relative to the σ-value. 
A) bencylic-C of vinyl arene; B) benzylic-C anion. (DFT method using Gaussian 16 – 
M06-2X/6-311+G(2d,p)//M06-2X/6-31G(d). SMD solvent model used for 
tetrahydrofuran solvation corrections. Natural charges calculated using NBO 3.1. 
Calculations performed by Professor Brian Popp.)208,209 
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3.3. Conclusions 
In summary, we have extended the iron-catalyzed hydromagnesiation of styrene to 
include a variety of electron rich vinyl arenes. The mechanism of hydromagnesiation fits 
remarkably well to multiple timecourses. However, the reduced reactivity of p-
methoxystyrene could be attributed to either 1) the formation of a formal “oxonium” by 
association with an electrophilic metal center, Mg, or 2) the TLS changes from the 
transmetallation of the benzylic-iron species to the competing insertion pathways as 
evidenced by the rate constants of step 4 and 6 being 7-fold slower than step 5.  
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Chapter 4. Iron catalyzed-hydromagnesiation: Effects of Grignards 
4.1. Introduction 
Throughout the past seven years, Thomas and coworkers have identified Grignard 
reagents that can act as sacrificial hydride and reductant sources.153,170,195 Their initial 
rate studies resulted in the identification of ethylMgBr (GEt) as the most efficient Grignard 
source (Scheme 4.1).153,170,195 In 2019, Thomas/Neidig characterized two intermediates 
within the catalytic cycle with GEt and styrene, S.195 The molecular structures 
characterized by x-ray crystallography (Figure 4.1) and the Mössbauer spectral data of 
these intermediates aided in the identification of the formal charge on iron. Characterized 
as a formal iron(0)-ate complex, the (PDIiPr)iron-(ethyl) ethylene species in Figure 4.1A 
was determined to be a viable catalyst for the hydromagnesiation process.195 Upon 
dissociation of ethylene, styrene coordinates to the (ethyl)iron(0)-ate species and 
subsequently transfers a β-hydride. According to Thomas/Neidig the reversibility of 
hydride transfer is dependent upon the ability of the generated alkene to undergo 
hydrometallation. The viability of the homobenzylic Grignard, L, as a hydride source was 
concluded to be one order of magnitude slower than GEt. This was substantiated by our 
studies in Chapter 2.153,170,195 Stoichiometric reaction of (PDIiPr)FeCl2 with excess L 
resulted in the generation of a homobenzylic(dinitrogen) iron(0)-ate species, suggesting 
that the isolation of a discrete (PDIiPr)iron-(alkyl) styrene species is unfavorable, Figure 
4.1B.195 The absence of the formation of an iron-alkyl styrene complex suggests that 
steric interactions impede the coordination of styrene and hydride transfer does not occur 
through the complex in Figure 4.1B.195 Other Grignard studies such as the use of isobutyl-
, isopropyl-, and cyclopentylMgBr (GiBu, GiPr and GCyp, respectively) were also studied by 
Thomas/Greenhalgh/Neidig. The effect of Grignard on the reaction was stated to be 
“highly dependent upon the structure” of the Grignard.195 These statements and a full 
analysis of a variety of primary and secondary Grignard reagents including GiBr, GiPr and 
GCyp will be investigated within this chapter with the aim of determining trends in rate and 
efficiency of each Grignard.   
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Scheme 4.1: Thomas’ Hydromagnesiation. Conditions: anhydrous FeCl2 (0.1 mol%), 
PDIiPr ligand (0.1 mol%), S (1.0 eq), GEt (1.5 eq), THF, N2 (1 atm), rt, 2 h. Quench: 1) 
DMF (dry), rt, 1h; 2) 1.0 M HCl, rt, overnight195 
 
 
 
 
 
 
 
Figure 4.1: Molecular Structure of Thomas’ Hydromagnesiation characterized 
intermediates: A) ethyl ethylene iron-PDI complex; B) homobenzylic iron-PDI 
dinitrogen complex. *Reproduced from CSD Entry: NOHHEA and NOHGUP.195 
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4.2. Results 
 
Figure 4.2: Flask used for hydromagnesiation when a gas is generated 
 
Following the initial rates and observed rates analysis described in Chapter 2, the 
rates of hydromagnesiation with respect to Grignard were determined. However, certain 
Grignard reagents, such as ethyl Grignard, generate a gaseous alkene upon hydride 
transfer. These gaseous alkenes result in one main limitation: dissociation and evolution 
of the gas. To combat this known drawback, a stir rate dependence would introduce 
identification of a speed where gaseous alkenes are evolved proficiently. Specialty 
glassware was made to include a small bubble within the wall of the 2-neck flask used for 
catalysis (Figure 4.2). The small bubble aided in the determination of a stir rate 
dependence by allowing for increased stirring RPM without damaging the ReactIR 
Diamond composite (DiCOMP) probe, thus giving the best conditions for gas evolution. 
Using ethyl Grignard (GEt), a Grignard known to produce high yields of the branched 
hydromagnesiated product, BR, a stir rate dependence was used to determine the best 
stir speed for ethylene evolution (Figure 4.3A). Changing the stir rate resulted in no 
change in initial rate, but a linear increase in observed yield as well as an increase in 
overall yield. Although 1020 RPM yielded the best overall observed rate for the 
hydromagnesiation of styrene, the inconsistent behavior of the magnetic stir bar at such 
speeds was determined as troublesome and an inherent danger to the ReactIR DiCOMP 
probe. Therefore 820 RPM was used for all Grignard reagents that would evolve a gas. 
A comparison of the concentration dependencies of GEt at the standard stir rate (420 
RPM) and the increased stir rate (820 RPM) resulted in interesting phenomena. Initial 
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rates based upon the catalyst concentration became linear at higher stir rates, shown in 
Figure 4.3B, while the styrene concentration dependencies changed from inhibitory to 
first order non-zero intercept. These changes may result from inefficient dissociation of 
ethylene from the resting state of hydromagnesiation, suggested by Thomas/Neidig 
(Figure 4.1A).195 
 
Figure 4.3: Hydromagnesiation using ethyl Grignard. Standard Conditions: 
(PDIiPr)FeCl2 (1 mol%), S (1.0 eq), GEt (1.5 eq), THF, Ar (1 atm), rt, 1 h. Quench: 1) 
CO2 (dry), rt, 1h; 2) 1.0 M HCl, rt, overnight195 
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Scheme 4.2: Hydromagnesiation using various Grignards. Conditions: (PDIiPr)FeCl2 
(1 mol%), S (1.0 eq), GX (1.5 eq), THF, Ar (1 atm), rt, 2 h. Quench: 1) CO2 (dry), rt, 
1h; 2) 1.0 M HCl, rt, overnight 
 
Figure 4.4: Hydromagnesiation with other Grignard substrates. Conditions: 
(PDIiPr)FeCl2 (1 mol%), S (1.0 eq), GX (1.5 eq), THF, Ar (1 atm), rt, 2 h. Quench: 1) 
CO2 (dry), rt, 1h; 2) 1.0 M HCl, rt, overnight 
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Figure 4.5: Concentration dependencies. Standard Conditions: (PDIiPr)FeCl2 (1 
mol%), S (1.0 eq), GX (1.5 eq), THF, Ar (1 atm), rt, 2 h. Quench: 1) CO2 (dry), rt, 1h; 
2) 1.0 M HCl, rt, overnight 
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Following the determination of the concentration dependencies of GEt, a variety of 
other Grignards were analyzed including those initially studied by Thomas/Neidig.  
Validating the trends Thomas described, GEt resulted in the highest initial rate and 
observed rate, Scheme 4.2.153,170,195 Surprisingly, propyl-, butyl-, cyclobutyl- and 
cyclohexyl- Grignards resulted in low yields and conversion (Scheme 4.2 and Figure 4.4). 
This may be the resultant of a few factors: 1) the generation of gaseous propylene/butene 
may impede coordination of styrene, 2) the unfavorable energetics of cyclobutene may 
cause for issues with hydride transfer and 3) the steric bulk of cyclohexyl group could 
encumber styrene coordination. Although isopropylMgBr results in high yields and 
conversion, the both initial and observed rates were much lower than those of 
cyclopentylMgBr. Thomas alluded to this behavior, recently.195 To determine other 
concentration dependencies for some of the Grignard reagents that resulted in high 
conversion and yields, initial rate and observed rate analyses were conducted for ethyl-, 
isopropyl- and pentylMgBr (GEt, GiPr and GPent, respectively). Figure 4.5 describes the 
kinetic analyses. 
 
Upon introducing new Grignards to our catalytic system, new kinetic behavior of the 
(PDI)-iron catalyst was noticed. Based upon initial rates analysis, for other Grignard 
reagents the catalyst seems to become a first-order catalyst. This dependence was noted 
to be similar to the studies by Thomas/Neidig using GEt and GiPr. Continuing other 
concentration dependencies, Grignard and styrene dependencies resulted in similar 
trends as seen in Chapter 2. COPASI studies comparing GCyp, GEt, and GiPr were 
introduced to discuss changes in the reaction mechanism with respect to other Grignard 
reagents. Upon using GiPr and GPent, some of the timecourse began displaying a curve 
that did not have true exponential character. However, the timecourses when numerically 
modeled against our standard mechanism, Scheme 2.8, resulted in moderate agreement. 
Upon the addition of an elementary step to include the formation of the (PDI)Fe(ethyl) 
ethylene species noted by Thomas/Neidig (Scheme 4.3), the timecourses of the GEt 
concentration dependencies displayed excellent agreement (Figure 4.6).195 The 
timecourses for the GiPr dependencies resulted in significant agreement (Figure 4.7); 
however, at low concentrations of Styrene and Grignard if the elementary step resulting 
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in the formation of the iron(alkyl) alkene complex is irreversible Figure 4.8. The calculated 
timecourses introduce the viability of the competition in binding of propylene and styrene 
to the iron-alkyl species, II. This may also explain the issues with n-propylMgBr, the main 
difference between these substrates is the number of β-hydrogens. Since isopropylMgBr 
contains 6 β-hydrogens there is a better chance for hydride transfer when compared to 
the linear propyl moiety.  
 
Scheme 4.3: Proposed mechanism of iron-catalyzed hydromagnesiation with ethyl 
and isopropylMgBr. (L = PDIiPr, L = linear isomer, R = H/Me) 
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Figure 4.6: COPASI calculations for EthylMgBr. Standard Conditions: (PDIiPr)FeCl2 
(2.9 mM), S (0.29 M), GEt (0.43 M), THF, Ar (1 atm), rt, 820 RPM, 1 h. Quench: 1) CO2 
(dry), rt, 1h; 2) 1.0 M HCl, rt, overnight. Cohen’s kappa: GEt std mech: moderate 
agreement 𝜅𝑠𝑡𝑑  =  
(75%)−(50%)
1−50%
=  0.5; Fe(alkyl) alkene form (Scheme 4.3, rev step 10): 
substantial agreement 𝜅𝑟𝑒𝑣 10  =  
(90%)−(50%)
1−50%
=  0.80. 
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Figure 4.7: COPASI calculations for EthylMgBr. Standard Conditions: (PDIiPr)FeCl2 
(2.9 mM), S (0.29 M), GiPr (0.43 M), THF, Ar (1 atm), rt, 820 RPM, 1 h. Quench: 1) 
CO2 (dry), rt, 1h; 2) 1.0 M HCl, rt, overnight Cohen’s kappa: GiPr: minimal agreement 
𝜅𝑠𝑡𝑑  =  
(35%)−(50%)
1−50%
= − 0.25; Fe(alkyl) alkene form (Scheme 4.3, rev step 10): fair 
agreement 𝜅𝑟𝑒𝑣 10  =  
(62%)−(50%)
1−50%
=  0.25; Fe(alkyl) alkene form (Scheme 4.3, irr step 
10): excellent agreement 𝜅𝑖𝑟𝑟𝑒𝑣 10  =  
(90%)−(50%)
1−50%
=  0.80. 
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Figure 4.8: COPASI calculations low [styrene] and [Grignard]. Conditions: A) 
(PDIiPr)FeCl2 (2.9 mM), S (0.15 M), GiPr (0.43 M), THF, Ar (1 atm), rt, 2 h. Quench: 1) 
CO2 (dry), rt, 1h; 2) 1.0 M HCl, rt, overnight; B) (PDIiPr)FeCl2 (2.9 mM), S (0.29 M), 
GiPr (0.15 M), THF, Ar (1 atm), rt, 2 h. Quench: 1) CO2 (dry), rt, 1h; 2) 1.0 M HCl, rt, 
overnight 
 
 
 
4.3. Conclusions 
The study of Grignard derivatives for hydromagnesiation has been developed. As 
seen in previous studies by Thomas/Greenhalgh/Neidig, the effect of Grignard is structure 
dependent. The ability of hydride transfer for each Grignard designates whether 
hydromagnesiation can occur. With trends similar to Thomas, it was surprising that 
isopropylMgBr did not hydrometallate as efficiently as ethylMgBr. Following other trends 
based upon the work of Xi and others using titanium with isopropylMgBr, the 
hydrometallation rates and generation of formal titanium-hydride species may suggest 
that the hydride transfer for iron would react similarly.157,184 However, within our study we 
found that this is not the case. The absence of an exponential fit for multiple timecourses 
and the necessity of the introduction of an elementary step including the iron(alkyl) alkene 
intermediate (step 10, Scheme 4.3) aided in the identification of certain limitations with 
regard to Grignard reagents. Such limitations were not limited to 1) ability of the Grignard 
to undergo hydride transfer, 2) competition of alkene insertion and 3) sterics/electronics 
of the Grignard alkyl groups. 
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Chapter 5. Iron-catalyzed hydromagnesiation: Effects of Catalyst 
5.1. Introduction 
Substantial studies regarding iron speciation with (PDIiPr)FeCl2 by Thomas and Neidig 
aided in the determination of a formal iron(0)-ate species over the course of the reaction. 
195 Despite this, their studies neglected to discuss the effects of the ligand.195 To develop 
an analysis which results in a fully developed explanation of all variants of iron-catalyzed 
hydromagnesiation, the effect of the ligand must be also be expanded upon. Sadly, the 
literature of non-redox innocence and ligand effect for iron-catalyzed hydrometallation 
reactions is sparse; therefore, to begin discussions of the ligand effects of (PDI)iron-
catalyzed polymerization trends may provide a helpful insight. Past mechanistic analyses 
of (PDI)iron-catalyzed polymerization described the following trend: 1) rate of 
polymerization increases for di-ortho substituted PDI ligands as  steric bulk is reduced 
and 2) the rate of oligomerization increases for mono-ortho substituted PDI ligands as the 
steric bulk of the ortho-group is reduced, Scheme 5.1. 210,211 If one bases the effect of PDI 
ligand for polymerization then two trends could be noted: 1) the decrease in steric bulk 
could increase the overall rate of hydromagnesiation and 2) the change in reactivity from 
polymerization to oligomerization might cause a change in mechanism based upon ligand 
substitution.  
 
 
Scheme 5.1: Effect of (PDI)iron-catalysts for polymerization.210,211 
 
Full in situ infrared mechanistic studies of (PDI)iron-catalyzed hydromagnesiation then 
add the final piece needed for the develop the process of iron-catalyzed transfer 
hydrometallation reactions. Within this chapter, the effect of ligand as well as any 
 
 
-81- 
 
limitations that arise from a change in steric bulk are discussed. The following ligands will 
be complexed with anhydrous iron(II) chloride as the precatalysts: 2,6-bis[1-(2,6-
diisopropylphenylimino)ethyl] pyridine (PDIiPr), 2,6-bis[1-(2,6-dimethylphenylimino)ethyl] 
pyridine (PDIMe), 2,6-bis[1-(2-methylphenyimino)ethyl] pyridine (PDI2-Me) and 2,6-bis[1-
(phenyimino)ethyl] pyridine (PDIH). These ligand motifs were among the most common 
used for olefin polymerization catalysis of iron and cobalt systems and provide a point of 
comparison for this iron-catalyzed hydromagnesiation process. 
 
5.2. Results 
 
 
Scheme 5.2: Iron-catalyzed hydromagnesiation with cyclopentylMgBr, GCYP. 
Conditions: anhydrous (PDIX)FeCl2 (1 mol%), S (1.0 eq, 0.87 mmol, 0.3 M), GCYP 
(1.5 eq, 1.3 mmol, 0.43 M), THF, argon (1 atm), rt, 1 h. Quench: 1) CO2 (dry), rt, 1h; 
2) 1.0 M HCl, rt, overnight.  
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Figure 5.1: A) Timecourse of standard reaction concentrations for each iron catalyst; 
B-D) Concentration dependencies. Standard Conditions: (PDIiPr)FeCl2 (1 mol%), S 
(1.0 eq), GCYP (1.5 eq), THF, Ar (1 atm), rt, 2 h. Quench: 1) CO2 (dry), rt, 1h; 2) 1.0 M 
HCl, rt, overnight 
 
The iron dichloride precatalysts described in Scheme 5.1 were synthesized according 
to literature.202,210–212 The iron-complexes bearing ortho-substituents (PDIiPr, PDIMe, PDI2-
Me) were royal blue in color while the phenyl-PDI (PDIH) was a deep purple. The in situ 
infrared analysis described in Chapter 2 was used to determine the initial rates for each 
catalyst in the system, Scheme 5.2. Under standard conditions, the reaction timecourses 
for each precatalyst did not overlap suggesting that each catalyst system may display 
different kinetic dependencies (Figure 5.1A). To begin the initial rates analysis of the 
precatalysts, the catalyst concentration dependence of each still remarkably displays a 
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hyperbolic fit, Figure 5.1B. The initial saturation dependence of Grignard still is 
representative of the initial rates analysis (Figure 5.1C). However, new trends resulted 
from the styrene concentration dependencies. Figure 5.1D illustrates a change in 
reactivity, upon loss of steric bulk the first-order non-zero intercept kinetic behavior 
became inhibitory for the (PDIH)FeCl2 precatalyst. Unfortunately, the observed rates for 
the catalyst systems resulted in a timecourse that was not exponential in nature, therefore 
assuming an exponential to calculate the kobs is not viable under these conditions. 
Regrettably, we could not glean any information from the observed rate analyses. 
However, the trends noted in all previous chapters for observed rates were used as a 
starting point for further analysis of this chapter. Then, the same numeric modeling within 
COPASI was employed starting from the standard mechanism, Scheme 5.3.  
 
Upon applying the evolutionary programming parameter estimation for each 
precatalyst and LSODA timecourse determination, the proposed mechanism of iron-
catalyzed hydromagnesiation (Scheme 5.3) resulted in only moderate agreement 
(Figures 5.2 and 5.3). Therefore, more mechanistic modeling was needed. With Thomas 
and Neidig’s characterization of the off-cycle (η2-styrene)3Fe0(benzyl) anion intermediate 
in mind, the generation of such an intermediate could be a result from IIIBR•S irreversible 
ligand dissociation and reactivity with multiple equivalents of styrene.195 This intermediate 
was determined by Thomas/Neidig to be catalytically competent. The introduction of 
elementary steps to include the generation of (η2-styrene)3Fe0(benzyl) anion (IV) and its 
reactivity was introduced into the mechanism (Scheme 5.4).  
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Scheme 5.3: Proposed mechanism of iron-catalyzed hydromagnesiation with a 
variety of precatalysts. (L = linear isomer) 
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Scheme 5.4: Proposed mechanism with a variety of precatalysts (L = linear isomer) 
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Figure 5.2: COPASI calculations for (PDIMe)FeCl2. Standard Conditions: (PDIMe)FeCl2 
(2.9 mM), S (0.29 M), GCYP (0.43 M), THF, Ar (1 atm), rt, 1 h. Quench: 1) CO2 (dry), 
rt, 1h; 2) 1.0 M HCl, rt, overnight Cohen’s kappa: PDIMe: minimal agreement 𝜅𝑠𝑡𝑑  =
 
(50%)−(50%)
1−50%
=  0.0; Off-cycle (Scheme 5.4, irr step 13): fair agreement 𝜅𝑟𝑒𝑣 10  =
 
(62%)−(50%)
1−50%
=  0.25; Off-cycle (Scheme 5.4, rev step 13): substantial agreement 
𝜅𝑖𝑟𝑟𝑒𝑣 10  =  
(85%)−(50%)
1−50%
=  0.70. 
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Figure 5.3: COPASI calculations for (PDI2-Me)FeCl2. Standard Conditions: (PDI2-
Me)FeCl2 (2.9 mM), S (0.29 M), GCYP (0.43 M), THF, Ar (1 atm), rt, 1 h. Quench: 1) CO2 
(dry), rt, 1h; 2) 1.0 M HCl, rt, overnight Cohen’s kappa: PDI2-Me: minimal agreement 
𝜅𝑠𝑡𝑑  =  
(50%)−(50%)
1−50%
=  0.0; Off-cycle (Scheme 5.4, irr step 13): fair agreement 𝜅𝑟𝑒𝑣 10  =
 
(62%)−(50%)
1−50%
=  0.25; Off-cycle (Scheme 5.4, rev step 13): moderate agreement 
𝜅𝑖𝑟𝑟𝑒𝑣 10  =  
(75%)−(50%)
1−50%
=  0.50. 
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Upon adding two more elementary steps, the timecourse agreement increases 
assuming the steps are irreversible (Scheme 5.4, Steps 12-13 and Figures 5.2-3). 
Although the agreement increased, the timecourse data when the [Grignard] is 3.0+ 
equiv. compared to [styrene] the product concentration increases steadily in a non-
exponential fashion at latter time points. This phenomenon was not reflected within the 
numeric modelling in conditions that do not include steps 11-13 (Generation of IV, 
transmetallation and styrene coordination) or when all three steps are irreversible. Upon 
changing the irreversibility of styrene coordination (Step 13), the reversible reaction gives 
better overall agreement and displays the increase in product over time (Figures 5.2-3 
Purple Trend).  
 
The overall trend in the effect of iron-catalyst for hydromagnesiation is opposite of that 
of polymerization catalysis. This inversion in trends can be attributed to the probable 
generation of (η2-styrene)3Fe0(benzyl) anion, IV, which is catalytically competent as 
evidenced by Thomas.195 The introduction of this off-cycle species IV and a secondary 
cycle that generates product from IV, through (η2-styrene)3Fe0(cyclopentyl) anion, V, may 
be generated faster upon decreasing the ligand sterics. This may also be evidenced by 
the absence of an exponential timecourse fitting for less sterically bulky ligands.  
 
5.3. Conclusions 
The identification of the reaction mechanism for iron-catalyzed hydromagnesiation 
has allowed for further development within this class of reductive hydrofunctionalization. 
The expansion of iron catalysts used for hydromagnesiation introduced a new batch of 
limitations that were not expected when comparing the trends in (PDI)iron-catalyzed 
polymerization. Namely, the reduction of steric bulk of the PDI ligand increased the rate 
of polymerization/oligomerization; however, reducing the steric bulk of the ligand in the 
case of iron-catalyzed hydromagnesiation introduces a non-exponential timecourse fit 
and generates the catalytically competent (η2-styrene)3Fe0(benzyl) anion species 
characterized by Thomas which then can transmetallate to generate product through an 
off-cycle catalytic cycle.  
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Final Mechanism Conclusions 
 
Scheme F.1: Proposed mechanism (L = linear isomer, R = H/Me/Cyclopentyl) 
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To conclude Scheme F.1 depicts a concise mechanism consisting of the combined 16 
elementary steps of hydromagnesiation. A formal (PDI)iron(0) species is generated by 
reacting the iron(II) precatalyst with >20 equiv. of a Grignard reagent (GX). 95,195,195,202–204 
This formal iron(0) species I, ligated by alkene (“Et”) or solvent (THF), enters the catalytic 
cycle through competing pathways of ligand substitution and catalyst activation. Pathway 
1 occurs under limiting styrene conditions wherein I reacts with an equivalent of Grignard 
reagent to form first an adduct I•G which enters the catalytic cycle as iron-alkyl II. The 
second pathway, ligand substitution with styrene (S) yields I•S that subsequently 
undergoes transmetallation and enters the catalytic cycle as styrene-bound iron-alkyl II•S. 
Intermediate II•S undergoes competing 2,1- and 1,2-hydride transfer pathways to yield 
iron-benzyl, IIIBR, and iron-homobenzyl, IIIL. Consistent with the observations made with 
cyclopentene and other disubstituted alkenes, steps 4, 6 and 9 were determined 
numerically to be irreversible.153,170,195  Transmetallation of IIIBR with GX is favored over 
IIIL. However, in the case of p-methoxystyrene (SOMe), the calculated rates for the 
generation of IIIBR and IIIL are nearly 1:1. The reversibility of transmetallation of IIIL (step 
7) leads to the irreversible isomerization of IIIL to IIIBR in the presence of excess styrene. 
The irreversibility of Step 5,  transmetallation of IIIBR, is also consistent with previous 
deuterium studies discussed by Thomas, wherein branched Grignard product does not 
reenter the catalytic cycle.153,170,195 In cases where GX would generate a gaseous alkene, 
the probability of generating an iron(alkyl) alkene intermediate such as II•”Et” is more 
prevalent kinetically, this type of intermediate is also evidenced by Thomas by x-ray 
crystallographic characterization.195 Finally, IIIBR may react with another equivalent of 
styrene to form off-cycle alkene adduct IIIBR•S. Such a species would be necessary to 
access the catalytically competent off-cycle (η2-styrene)3Fe0(benzyl) anion intermediate 
(IV) identified and independently prepared by Thomas and Neidig.195 This characterized 
and catalytically competent iron species was noted to only account for a small percentage 
of iron speciation, however at later time points the concentration of this type of species 
increased over the course of the reaction. With ligands that are less sterically bulky this 
type of intermediate could be more prevalent and generates the branched product (BR) 
in an off-cycle catalytic cycle. This full mechanistic study now allows for experimental 
predictability based upon changing substrate or catalyst. 
 
 
-91- 
 
 
 
 
-E1- 
 
Experimental Appendix I Contents: 
1. General information 
2. Comparison of Reactant and Product Infrared Spectra. 
3. Experimental Procedures 
1. Preparation of 2,6-Bis[1-(2,6-dialkylphenylimino)ethyl]pyridine (PDI) 
2. Preparation of (PDI)FeCl2 catalyst 
3. Typical reaction time course via ReactIR 
4. IGOR Calculations and signal deconvolution 
5. Experimental Dependencies  
1. Cyclopentene dependence 
2. (PDIiPr)FeCl2 dependence 
3. Cyclopentyl Grignard dependence 
4. Styrene dependence 
5. Styrene derivatives 
6. Grignard reagent dependence 
7. EthylMgBr (Stir) 
8. IsopropylMgBr 
9. PentylMgBr 
10. Precatalysts 
6. COPASI Simulations 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
-E2- 
 
 
1. General Considerations. 
All manipulations were performed using an inert atmosphere glovebox or standard 
Schlenk technique. Anhydrous THF and 1,4-dioxane was dried on a Glass Contours 
solvent system prior to use and stored under nitrogen in a glovebox. Styrene and 
styrene derivatives were used as received from Fisher Scientific. Grignards were 
either purchased and used as is or synthesized following the procedure in section 
3.3. IR spectra were recorded on a Mettler Toledo iC IR 15 instrument using iC IR 
7.0 analysis program. The THF solvent spectrum was subtracted from acquired 
spectra within the analysis program.  
 
2. Comparison of Reactant and Product Infrared Spectra 
Solution infrared spectra were collected for styrene, cyclopentyl magnesium 
bromide, 1-phenylethylmagnesium bromide, 2-phenylethylmagnesium bromide and 
a hydromagnesiation reaction for comparison. Two regions showed production of 
product, 1590 cm-1 and within the fingerprint region at 760 cm-1. The initial rate of 
reaction could not be calculated using the fingerprint region owing to a significant 
shoulder from the starting material and tailing from the generation of product. 
Therefore, the use of the stretches in the 1600 cm-1 region was used for initial rate 
calculation. Upon normalizing the acquired spectra for comparison, the generation of 
the major regioisomer, 1-phenylethylmagnesium bromide, shows a stretch at 1590 
cm-1. The linear isomer can also be analyzed within this region with a stretch at 1604 
cm-1, Figure E.1 (green trace). Both the branched and linear isomers were quenched 
with CO2, worked up under acidic conditions and identified to yield the respective 
aryl propionic acids. Styrene and cyclopentyl magnesium bromide were also 
compared to the hydromagnesiation reaction spectra, Figure E.1 (black and orange 
traces, respectively). Styrene has a small stretch at 1577 cm-1. Further signal 
deconvolution is evident based upon overlap between the linear isomer, branched 
isomer, and styrene, Figure E.3.  
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Figure E.1: Frequency analysis of the absorbances of the starting material and 
the product from Figure 2. Normalized extinction coefficient vs wavenumber. 
(*small shoulder acquired from 1-bromo-1-phenylethane overlap) 
 
Figure E.2: Frequency analysis of the absorbances of the starting material and 
the product from Figure 2. Absorbance vs wavenumber. Mettler Toledo icIR 7.0 
software. 
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Figure E.3: 3D and 2D interpretation of the overlap of starting materials and 
products. 
 
3. Experimental Procedures 
1. Preparation of PDI 
Bis(imino)pyridine ligand was synthesized according to literature61,213.  
2. Preparation of (PDI)FeCl2 catalyst 
Bis(imino)pyridine ligand was added to anhydrous ferrous chloride 
dissolved in THF in a 1:1 fashion. The mixture stirred overnight at room 
temperature; diethyl ether was added to the resulting in a blue solution. 
The slurry was filtered to resulting in a blue powder. The powder was 
dissolved in methylene chloride and filtered to remove unreacted iron (II) 
chloride. The solution was concentrated in vacuo resulting in a metallic 
blue or purple powder. Resulting paramagnetic NMR is as stated in 
literature61,213. 
3. Preparation of Grignards 
All Grignard reagents were synthesized using literature preparations. 
According to the following procedure: 
In an oven dried 2-neck flask, magnesium (1.2 eq) and iodine (1 crystal) 
was added and the flask was purged with argon and equipped with a 
condenser. Diethyl ether (dry) was added and the mixture was brought to 
reflux. The corresponding alkyl bromide was added dropwise over 1 hour, 
then the solution stirred for 4 hours. Upon cooling to room temperature, 
the supernatant was transferred to a second flask and titrated to 
determine concentration (goal 2 M). These Grignard reagents were stored 
at 2-8°C in an amber vial under argon. With titration prior to each 
use.153,188,193,214–216 
 
 
 
-E5- 
 
4. Typical Reaction time course via ReactIR 
Hydromagnesiation reactions were carried out under argon and according 
to Thomas.153,170,195 An oven dried (120°C) 2-neck reaction flask (25 mL) 
was charged with (PDI)FeCl2 dissolved in 3.0 mL tetrahydrofuran (THF), 
then sealed with septa and removed from the glovebox. The flask was 
purged for 2 minutes with argon then with continued sparging and within 5 
s after removing the septa of the center arm the DiComp ReactIRTM probe 
under inert atmosphere. Styrene (1 eq standard) was added and the time 
course was initiated. At 30 seconds, cyclopentyl magnesium bromide (1.5 
eq standard) was added by gas tight syringe. IR spectral monitoring 
continued for 1-8 hours dependent upon catalyst loading. The reaction 
was then quenched with CO2 for 1 hour, then with 1.0 M solution of 
hydrochloric acid (6 mL) overnight. The reactions were extracted 3 times 
with diethyl ether, washed with brine, dried over sodium sulfate, then 
concentrated in vacuo. NMR yields were calculated using 16 mol% 1,3,5-
trimethoxybenzene as an internal standard in CD3Cl. Example yield 
calculation and NMR of product are shown in Figure E.4. 
 
 
-E6- 
 
 
Figure E.4: Typical 1H NMR for hydromagnesiation. Conditions: [styrene] = 0.29 M, 
[cyclopentylMgBr] = 0.43 M, [FePDI] = 0.0029 M, THF, 25 °C, 2 hours, quench CO2 1 
hour, acidify 1M HCl, extract diethyl ether 3x, wash brine, dry over sodium sulfate.. 
2-phenylpropionic acid: 1.53 (d, 3H); (17.12/3)*16 = 91%; 3-phenylpropionic acid: 
2.96 (t, 2H); (1.04/2)*16 = 8%; cyclopentanecarboxylic acid: 2.8 (pent, 1H); 
(1.17/1)*16 = 19% 
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4. IGOR Calculations 
The spectra signal for the linear and branched isomers were deconvoluted using 
a summation of Gaussian curves and global fitting in IGOR, Figure E.5. The 
summation of Gaussians is described by equation E.1, where the area of each 
Gaussian shown in Figure E.3 is calculated. Once the overall area of each ?̅? was 
calculated, the intersect of the Gaussians were calculated and used in the 
calculation of the zscore, Equations E.2 and E.3. The adjusted area was calcuated 
according to equations E.4 and E.5. The initial rates and kobs were calculated 
from the change in area of each regioisomer using Microsoft Excel non-linear 
least fit and solver. A typical deconvoluted time course is shown in Figure E.5. 
 
 
Figure E.5: Frequency analysis of the absorbances of the starting material and 
the product from Figure 2. Absorbance vs wavenumber. 
 
                    (E.1) 
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         𝐼𝑛𝑡𝑒𝑟𝑠𝑒𝑐𝑡2 =
?̅?𝑚𝑎𝑥2
𝜎2
+
?̅?𝑚𝑎𝑥3
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𝜎2
+
1
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         (E.2b) 
        𝑧𝑠𝑐𝑜𝑟𝑒1 =
𝑖𝑛𝑡𝑒𝑟𝑠𝑒𝑐𝑡1−?̅?𝑚𝑎𝑥1
𝜎1
                                                                                   (E.3a) 
        𝑧𝑠𝑐𝑜𝑟𝑒2 =
𝑖𝑛𝑡𝑒𝑟𝑠𝑒𝑐𝑡2−?̅?𝑚𝑎𝑥2
𝜎2
                                                                                   (E.3b) 
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            (E.4) 
          (E.5) 
 
 
Figure E.6: Typical kinetic time course for hydromagnesiation. Conditions: 
[styrene] = 0.29 M, [cyclopentylMgBr] = 0.43 M, [FePDI] = 0.0029 M, THF, 25 °C, 
2 hours. 
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5. Experimental Dependencies 
1. Cyclopentene Dependence 
 
[cyclopentene] (M) 
Initial Rate 
(x 10-3 s-1) 
kobs 
(x 10-3 M-1s-1) 
Percent 
Yield (%, B:L) 
0.0003 (0.1mol%) 
1.316±0.079 1.345±0.024 97 (>10:1) 
0.0029 (1mol%) 
1.801±0.067 2.177±0.041 94 (10:1) 
0.0058 (2mol%) 
1.654±0.067 1.337±0.028 98 (>10:1) 
0.0146 (5mol%) 
1.695±0.083 1.922±0.069 77(10:1) 
0.291 (100mol%) 
1.714±0.075 1.811±0.070 79 (>10:1) 
1.456 (500mol%) 
1.804±0.101 2.166±0.051 58 (7:1) 
2.912 (1000mol%) 
1.883±0.211 2.224±0.104 55 (>10:1) 
4.369 (1500mol%) 
1.816±0.185 3.158±0.231 50 (>10:1) 
5.825 (2000mol%) 
1.025±0.179 1.062±0.054 49 (>10:1) 
Table E.1: Initial rate kinetics and calculated kobs for branched isomer. Conditions: 
0.291 M 1; 2.91 mM (PDIiPr)FeCl2; 0.434 M 2; x M 4; 1 hour; THF; rt.  
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Figure E.8: Reaction time courses from Table S.1, [(1-phenylethyl)MgBr] vs time. 
Conditions: 0.291 M 1; 2.91 mM (PDIiPr)FeCl2; 0.434 M 2; x mol% 4; 1 hour; THF; rt 
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2. Catalyst Dependence 
[(PDIiPr)FeCl2]  
(mM) 
Initial Rate 
(x 10-3 s-1) 
kobs 
(x 10-3 M-1s-1) 
Percent 
Yield (%, B:L) 
0.55 (0.2mol%) 0.395±0.061 0.272±0.043 98 (>10:1) 
1.09 (0.4mol%) 0.521±0.052 0.578±0.043 98(10:1) 
1.64 (0.5mol%) 0.877±0.059 0.864±0.016 96(>10:1) 
2.19 (0.8mol%) 0.965±0.036 1.369±0.036 94(10:1) 
2.91 (1.0mol%) 1.099±0.065 1.029±0.016 96 (10:1) 
4.38 (1.5mol%) 1.739±0.064 2.224±0.033 97(7:1) 
6.02 (2.1mol%) 1.959±0.153 3.423±0.103 81(>10:1) 
7.67 (2.6mol%) 2.116±0.273 4.999±0.267 95(>10:1) 
8.76 (3.0mol%) 2.258±0.216 5.104±0.215 89(>10:1) 
Table E.2: Initial rate kinetics and calculated kobs  for branched isomer Conditions: 
0.291 M 1; x mM (PDIiPr)FeCl2; 0.434 M 2; 1 hour; THF; rt. Standard reaction in red 
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Figure E.9: Reaction time courses from Table S.2, [(1-phenylethyl)MgBr] vs time. 
Conditions: 0.291 M 1; x mM (PDIiPr)FeCl2; 0.434 M 2; 1 hour; THF; rt 
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3. Grignard Dependence 
[CyclopentylMgBr]  
(M) 
Initial Rate 
(x 10-3 s-1) 
kobs 
(x 10-3 M-1s-1) 
Percent 
Yield (%, B:L) 
0.0804 0.439±0.063 4.392±0.529 81 (>10:1) 
0.141 0.760±0.102 2.748±0.174 98 (10:1) 
0.322 1.076±0.109 1.118±0.021 65 (>10:1) 
0.429 1.099±0.065 0.983±0.016 96 (10:1) 
0.858 1.532±0.108 3.670±0.199 94 (6:1) 
1.715 1.975±0.209 4.341±0.229 92 (7:1) 
Table E.3: Initial rate kinetics and calculated kobs  Conditions: 0.291 M 1; 2.91 
mM (PDIiPr)FeCl2; x M 2; 1 hour; THF; rt. Standard reaction in red 
 
Figure E.10: Reaction time courses from Table S.3, [(1-phenylethyl)MgBr] vs 
time. Conditions: 0.291 M 1; 2.9 mM (PDIiPr)FeCl2; x M 2; 1 hour; THF; rt.
 
 
-E14- 
 
4. Styrene Dependence 
[Styrene]  
(M) 
Initial Rate 
(x 10-3 s-1) 
kobs 
(x 10-3 M-1s-1) 
Percent 
Yield (%, B:L) 
0.073 0.794±0.028 3.106±0.238 96 (2:1) 
0.146 0.903±0.066 2.729±0.189 >99 (6:1) 
0.218 0.919±0.097 1.841±0.087 >99 (>10:1) 
0.291 1.099±0.065 0.983±0.016 96 (10:1) 
0.437 1.228±0.048 0.715±0.014 67 (>10:1) 
0.582 1.517±0.084 1.016±0.031 65 (7:1) 
1.16 1.363±0.036 1.131±0.029 55 (>10:1) 
1.75 1.234±0.018 0.931±0.023 39 (7:1) 
2.33 1.092±0.027 1.331±0.027 38 (4:1) 
Table E.4: Initial rate kinetics and calculated kobs for the branched isomer 
Conditions: x M 1; 2.91 mM (PDIiPr)FeCl2; 0.434 M 2; 1 hour; THF; rt. Standard 
reaction in red 
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Figure E.11: Reaction time courses from Table S.4, [(1-phenylethyl)MgBr] vs time. 
Conditions: x M 1; 2.9 mM (PDIiPr)FeCl2; 0.434 M 2; 1 hour; THF; rt. 
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5. Styrene Derivatives 
 
 
Table E.5: Initial rate kinetics and calculated kobs for branched isomer Conditions: 
x M 1; 2.91 mM Fe(PDIiPr)Cl2; 0.434 M 2; 0 M 4; 1 hour; THF; rt. Standard 
concentration used for Hammett Correlation in Red. 
 
Styrene 
Derivative 
[styrene] (M) Initial Rate 
(x 10-3 s-1) 
kobs 
(x 10-3 M-1s-1) 
Percent 
Yield (%, B:L) 
p-methyl 0.073 2.36±0.20 2.65±0.29 91 (3:1) 
p-methyl 0.146 3.37±0.89 1.98±0.12 89 (5:1) 
p-methyl 0.291 5.64±0.047 1.96±0.04 95 (4:1) 
p-methyl 0.428 6.18±0.24 1.15±0.01 91(4:1) 
p-methyl 0.582 6.77±0.37 0.89±0.01 93 (10:1) 
p-methyl 1.16 7.50±0.58 1.05±0.03 99 (>20:1) 
p-isobutyl 0.073 0.76±0.40 2.17±0.56 81 (4:1) 
p-isobutyl 0.146 1.95±0.33 1.65±0.09 96 (3:1) 
p-isobutyl 0.238 3.03±0.55 1.50±0.09 85 (4:1) 
p-isobutyl 0.291 3.19±0.12 1.42±0.04 86 (5:1) 
p-isobutyl 0.428 4.86±0.79 1.40±0.05 90 (7:1) 
p-isobutyl 0.582 5.00±0.57 0.94±0.02 96 (4:1) 
p-tert-butyl 0.073 2.65±0.90 3.18±1.22 98 (3:1) 
p-tert-butyl 0.146 4.24±0.86 4.18±0.60 94 (3:1) 
p-tert-butyl 0.291 8.79±0.67 2.98±0.19 98 (3:1) 
p-tert-butyl 0.428 10.05±1.62 2.55±0.09 92 (5:1) 
p-tert-butyl 0.582 12.75±1.89 2.58±0.08 96 (22:1) 
p-tert-butyl 1.16 13.63±0.86 2.30±0.02 76 (>20:1) 
p-methoxy 0.073 3.16±0.58 3.18±0.36 77(1:1) 
p-methoxy 0.146 9.09±0.65 2.83±0.18 85 (1:1) 
p-methoxy 0.291 13.13±2.25 2.58±0.08 70 (2:1) 
p-methoxy 0.428 15.18±0.42 1.31±0.04 83 (2:1) 
p-methoxy 0.582 17.34±1.58 1.27±0.03 86 (3:1) 
p-methoxy 1.16 18.01±2.18 1.22±0.02 87 (3:1) 
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*Continued on page E18 
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Figure E.12: Reaction time courses from Table E.14, [(1-(4-substituted) 
phenylethyl)MgBr] vs time. Conditions: x M 1; 2.9 mM (PDIiPr)FeCl2; 0.434 M 2; 1 
hour; THF; rt. *See Figure for derivative concentrations. 
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6. Grignard Reagents 
 
Figure E.13: [(1-phenylethyl)MgBr] vs time. Conditions: 0.29 M S; 2.9 mM 
(PDIiPr)FeCl2; 0.434 M GX; 1 hour; THF; rt. *See Figure for derivative concentrations. 
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7. EthylMgBr (Stir) 
 
Figure E.14: [(1-phenylethyl)MgBr] vs time. Standard Conditions: 0.29 M S; 2.9 mM 
(PDIiPr)FeCl2; 0.434 M GEt; 1 hour; THF; rt. *See Figure for varied concentrations. 
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Figure E.15: [(1-phenylethyl)MgBr] vs time. Standard Conditions: 0.29 M S; 2.9 mM 
(PDIiPr)FeCl2; 0.434 M GEt; 1 hour; THF; rt, 420 RPM. *See Figure for derivative 
concentrations. 
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8. IsopropylMgBr 
 
Figure E.16: [(1-phenylethyl)MgBr] vs time. Standard Conditions: 0.29 M S; 2.9 mM 
(PDIiPr)FeCl2; 0.434 M GiPr; 1 hour; THF; rt. *See Figure for derivative concentrations. 
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9. PentylMgBr 
 
Figure E.17: [(1-phenylethyl)MgBr] vs time. Standard Conditions: 0.29 M S; 2.9 mM 
(PDIiPr)FeCl2; 0.434 M GPent; 1 hour; THF; rt. *See Figure for derivative concentrations. 
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10. Precatalysts 
a. (PDIMe)FeCl2 
 
Figure E.18: [(1-phenylethyl)MgBr] vs time. Standard Conditions: 0.29 M S; 2.9 mM 
(PDIMe)FeCl2; 0.434 M GCYP; 1 hour; THF; rt. *See Figure for derivative concentrations. 
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b. (PDI2-Me)FeCl2 
 
Figure E.19: [(1-phenylethyl)MgBr] vs time. Standard Conditions: 0.29 M S; 2.9 mM 
(PDI2-Me)FeCl2; 0.434 M GCYP; 1 hour; THF; rt. *See Figure for derivative 
concentrations. 
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c. (PDIH)FeCl2 
 
Figure E.20: [(1-phenylethyl)MgBr] vs time. Standard Conditions: 0.29 M S; 2.9 mM 
(PDIH)FeCl2; 0.434 M GCYP; 1 hour; THF; rt. *See Figure for derivative concentrations. 
 
 
 
 
 
 
 
 
 
6. COPASI Simulations 
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General procedure of parameter estimation and time course estimation: 
Kinetic models were constructed with the COPASI software (version 4.24).196,217 
The initial concentrations used in the simulations were those reported in the 
experimental tables above. The rate constants were estimated in COPASI using 
the evolutionary programming method. The model accuracy is based upon the 
deterministic time course simulation using the LSODA algorithm. The agreement 
between experimental and numerically modelled timecourse data was assessed   
using Cohen’s . Expected agreement for calculations is 50%.218 
 
 
Cohen’s Kappa for agreement  
𝜅 =
𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑% − 𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑%
1 − 𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑%
 
𝜅 < 0 Minimal agreement 
0.1 < 𝜅 < 0.2 Slight agreement 
0.21 < 𝜅 < 0.4 Fair agreement 
0.41 < 𝜅 < 0.6 Moderate agreement 
0.61 < 𝜅 < 0.8 Substantial agreement 
0.81 < 𝜅 < 0.99 Near-perfect /excellent agreement 
𝜅 = 1 Perfect agreement 
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Experimental Appendix II Contents: 
1. ReactIR set up and tutorial 
2. IGOR tutorial and procedure files 
3. COPASI tutorial 
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ReactIR Tutorial and Training: 
The following steps are to ensure proper usage. Slowly fill the detector with 1 full dewar 
of liquid nitrogen then allow instrument to equilibrate for 20 minutes. Open iC IR 7.0 
software and follow the instructions below.  
1. Click on Instrument 
            
 
a. Click on configure  
 
i. Under configuration menu 
1) Status should say Ready 
2) Change Probe Interface 
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a. Choose one of the two highlighted dependent upon 
the probe you will be using. 
 
3) Probe tip, Resolution, Gain, Sample, and Wavenumber 
range should remain constant. 
 
4) Collect Background 
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5) Click Continue when this window pops up as long as 
instrument alignment is in Green and MCT detector status is 
Green 
 
6) Collect Background, then Done 
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b. Click on clean Probe and Start                     
 
i. If in range and a flat line, then click Next 
 
ii. Collect Background, then done 
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2. Start a new experiment 
a. File, then New, choose from Quick Start, Clone Experiment, From 
Template, Other documents. 
i. Select Continue once you select your experiment type. In the 
manual we will start with Quick Start.
 
 
ii. Name your file and determine the file folder to save your document. 
Then select your duration and scan per sample. Click Create
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iii. To add more to your duration time, select Phase. 
 
iv. Add phase time 
 
v. To begin sample collection, press Play 
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vi. Upon completion clean probe with 0.1 M HCl, isopropanol, and 
acetone. Click Next and collect new background
 
3. Collecting References 
a. File, New, Other Documents. Select Spectra Set. 
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b. Click on collect reference
 
c. Collect a background or use a previous background.
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d. Type in the name of the reference and choose from type and functional 
groups. They have dropdown menus.
 
e. Collect the reference. 
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f. When finished click next. 
 
g. Clean the probe and click done. 
 
h. Repeat steps b-g as needed for References. 
i. When running the experiment to add references click on add spectra in 
upper left and follow prompts. 
 
• If you already have an experiment where you have identified the trends or 
references, you may select clone experiment from the start new experiment 
menu. This will prompt you to select the experiment you want to clone and 
name the new file. The reset of the commands from quick start are the 
same. 
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4. To export data from iC IR programming. 
a. Under the surface tab. Highlight the surface area of or tip of curve you 
want to see a trend for.
 
b. To subtract the solvent from the experimental data, select the spectra tab 
at the top. Using the drop down select one of the imported references.
 
c. Under the trends tab the highlighted signals are shown in a plot of 
absorbance vs time. 
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d. To begin exporting process under the home tab select “Smart Pin”
 
e. A new dropdown window will open. 
i. Select “Pin every __ minutes” 
ii. Type in a time where no more than 59 samples will be selected. 
iii. Select “Pin __ samples” 
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f. To pin any remaining collected spectra select the “Notes” tab and click on 
the gray thumb tacks. (When pinned the thumb tack will be blue).
 
g. Once spectra are pinned under the “Spectra” tab select export spectra and 
all pinned spectra from the drop down.
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h. Under the export window select “Multi-spectrum file”, CSV, Treated, then 
export. 
 
i. A new CSV file will be generated and can be opened in excel for further 
analysis. 
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IGOR  Tutorial 
Igor procedure file: 
#pragma TextEncoding = "UTF-8" 
#pragma rtGlobals=3  // Use modern global access method and strict wave access. 
#include <Global Fit 2> 
Function ReactIR(w,x) : FitFunc 
 Wave w 
 Variable x 
 //CurveFitDialog/ These comments were created by the Curve Fitting dialog. Altering them will 
 //CurveFitDialog/ make the function less convenient to work with in the Curve Fitting dialog. 
 //CurveFitDialog/ Equation: 
 //CurveFitDialog/ f(x) = A1*exp(-0.5*((x-vmax1)/s1)^2) + A2*exp(-0.5*((x-vmax2)/s2)^2) + 
A3*exp(-0.5*((x-vmax3)/s3)^2) 
 //CurveFitDialog/ End of Equation 
 //CurveFitDialog/ Independent Variables 1 
 //CurveFitDialog/ x 
 //CurveFitDialog/ Coefficients 9 
 //CurveFitDialog/ w[0] = A1 
 //CurveFitDialog/ w[1] = vmax1 
 //CurveFitDialog/ w[2] = s1 
 //CurveFitDialog/ w[3] = A2 
 //CurveFitDialog/ w[4] = vmax2 
 //CurveFitDialog/ w[5] = s2 
 //CurveFitDialog/ w[6] = A3 
 //CurveFitDialog/ w[7] = vmax3 
 //CurveFitDialog/ w[8] = s3 
 return w[0]*exp(-0.5*((x-w[1])/w[2])^2) + w[3]*exp(-0.5*((x-w[4])/w[5])^2) + w[6]*exp(-0.5*((x-
w[7])/w[8])^2) 
End 
 
function makeMatrix() 
variable i,  j 
make/o/n=(9,167) Coef  // Making a new Coefficient matrix for all time points 
j=0  //start at the index value of 0 
do  
 j+=1  //program goes to next column 
 wave coefwave=$"Coef_wave"+num2str(j) //matrix values using the "Coef_wave#" and the 
values for each column to the "jth" column 
 i=-1 
 do //making matrix Coef[i x j] 
  i+=1 
  coef[i][j-1]=coefwave[i]   
 while(i<9)  
while(j<167)  
edit Coef 
display Coef[0][*] 
appendtograph Coef[3][*], Coef[6][*] 
ModifyGraph rgb(Coef)=(1,4,52428) 
Label left "\\F'Arial'\\Z14 Absorbance";DelayUpdate  
Label bottom "\\F'Arial'\\Z14 Time Point";DelayUpdate 
ModifyGraph fsize=12 
End 
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function Newmatrix()  
variable i, j 
wave Coef 
make/o/n=(3,167) Areawave  
// I made a new matrix for your two signals (two rows) with the same number of points.  
j=0  //I am starting at the matrix index value of 0 of the Coef wave 
Do //loop of a program 
 Areawave[0][j]=(Coef[0][j]*Coef[2][j])/(1/(sqrt(2*pi)))  
// I am inputting the equation, I am saying that the calculated area should go into the first row and "jth" 
 j+=1  //I am telling the program to go to the next column in the row 
while (j<167) //this is when I want the loop to stop - when the value of j hits the end of the row 
j=0 // I am resetting the index number back to the first box of the first row 
Do  //repeating for the second signal data set 
 Areawave[1][j]=(Coef[3][j]*Coef[5][j])/(1/(sqrt(2*pi))) 
 j+=1  
while (j<167) 
j=0 
Do  //repeating for the second signal data set 
 Areawave[2][j]=(Coef[6][j]*Coef[8][j])/(1/(sqrt(2*pi))) 
 j+=1  
while (j<167) 
edit areawave 
display areawave[0][*]    
appendtograph areawave[1][*]  
appendtograph areawave[2][*]  
ModifyGraph rgb(Areawave)=(1,4,52428) 
ModifyGraph rgb(Areawave#2)=(0,0,0) 
Label left "\\F'Arial'\\Z14 Area";DelayUpdate 
Label bottom "\\F'Arial'\\Z14 Time Point";DelayUpdate 
ModifyGraph fsize=12 
end 
 
Function makeintersect() 
variable i, j 
wave Coef 
make/o/n=(3,167) intersect 
j=0 
Do 
 intersect[0][j] = ((Coef[1][j]/Coef[2][j])+(Coef[4][j]/Coef[5][j]))/((1/Coef[2][j])+(1/Coef[5][j])) 
 j+=1 
 while (j<167) 
j=0 
Do 
 intersect[1][j] = ((Coef[4][j]/Coef[5][j])+(Coef[7][j]/Coef[8][j]))/((1/Coef[5][j])+(1/Coef[8][j])) 
 j+=1 
 while (j<167) 
j=0 
Do 
 intersect[2][j] = ((Coef[1][j]/Coef[2][j])+(Coef[7][j]/Coef[8][j]))/((1/Coef[2][j])+(1/Coef[8][j])) 
 j+=1 
 while (j<167) 
edit intersect 
end 
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Function makezscore() 
variable i, j 
wave Coef, intersect 
make/o/n=(3,167) zscore 
j=0 
Do 
 zscore[0][j]=(intersect[0][j]-Coef[1][j])/Coef[2][j] 
 j+=1 
while (j<167) 
 
j=0 
Do 
 zscore[1][j]=(intersect[1][j]-Coef[4][j])/Coef[5][j] 
 j+=1 
while (j<167) 
j=0 
Do  
 zscore[2][j]=(intersect[2][j]-Coef[7][j])/Coef[8][j] 
 j+=1 
while (j<167) 
edit zscore 
end 
 
 
1) To begin IGOR fitting open the procedure file by following the drop down under open 
file tab. 
2) Data should be in the following format 
Signal Time points 
    
    
3) Using the command bar type “edit” 
4) Copy the data table into the new table. (Rows and Columns start with 0) 
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5) Under the windows tab select “new graph”, then select waveX vs wave0 to graph. 
 
6) Under the windows tab select “new graph”, then select all waves vs wave0 to graph. 
7) Under the analysis tab select “curve fit”, then select your function, y data, x data, and 
whether the data set needs to be truncated. “ctrl + i” allows you to select cursors. 
Input coefficient values and select “graph now,” then “do it.”
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8) In the command bar type “make/n=(#of rows) mask” then “mask 
[“cursorA”,”cursorB”]=1” 
9) Under the analysis tab select the “global fit”  
10) Add data set then highlight the “function” tab and select the desired function. Then 
select each variable and link them. 
11) Select masking and highlight the dropdown and select “mask”  
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12) Under Coefficient control select the wave with respect to the curve fit wave from step 
7. Check the wave number (vmax) and width (s) for each gaussian curve. Then under 
the “datasets function” tab unlink all of the columns with regard to absorbance, and 
select “fit”. 
  
13) Type the following “makematrix(); newmatrix(); makeintersect(); makezscore()” 
a. This opens new tables and graphs. 
14) Save the zscore and area table as a .csv or .txt file. 
15) Calculate any other information needed in Excel. 
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COPASI Tutorial 
1) Save timecourse data as a .txt file with time in column A. 
2) Open COPASI and open the Model Drop Down 
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3) Under compartment name your “vessel” and identify the unit size. (reaction volume) 
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4) Under reactions 
a. Type the name for reactions (numbers are helpful here) 
b. Type in the reaction “A + B = C” for reversible and “A + B -> C” for irreversible 
c. You must have spaces. 
d. (a ≠ A) 
e. Repeat as necessary 
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5) Under the “Species” tab. Insert the initial concentrations of your reaction mixture for 
each defined intermediate. 
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6) Save file {program can be glitchy and close and all data will be lost} 
7) Under “tasks” select “Parameter Estimation” 
a. Select Experimental Data in top right corner. 
b. Input data by selecting the green “+” 
c. For each name the experiment select “Time Course” 
d. Mean Square weight method 
e. In the second row change type to dependent by double clicking the box that says 
“ignored” 
f. Select the COPASI symbol and open the “Transient Concentration” drop down 
menu 
g. Select the proper variable. Select “Ok” and repeat as necessary. 
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8) The Data window will close upon finalizing data entry. 
9) Under object select the COPASI symbol 
a. Under the new window select “Reactions” 
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10) This inserts all reaction constant parameters. 
a. You may choose the “lower” and “upper” bounds by highlighting all fields and 
typing in a new number. 
b. Check the box for “Randomize Start Values,” “Create Parameter Sets,” 
“Calculate Statistics,” “Update Model,” and “executable” 
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11) Select the Green “+” and using the blue toggle arrows move this new item line to the 
top. 
a. Select the COPASI symbol and then “species” 
b. Under Initial Concentrations select the starting variable. 
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12) Change the affected Experiments by unchecking the “all” box, then select the 
experiments you want to use. 
13) Repeat this for all initial variables that change concentration over time. 
14) Once initial set up is complete ensure you are using the “Evolutionary Programming” 
method. 
15) Select Reports and choose a filename. 
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16) Select “RUN”  
17) To generate a plot and simulation reports go to “Output Specifications” 
a. For reports select “Report Templates” 
i. Select “New” then double click the new generated report 
ii. Name the type and select task as “Time-Course” 
iii. Select “Item” then “Species” and “Transient Concentrations” 
iv. Ensure the generation is a table. Then select “Commit” 
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b. For plots select “Plots” 
i. Select “New” then double click the new generated plot 
ii. Name the type and select “New Curve” 
iii. Select x-variable as “Model time” and y-variable as “Transient Concentrations” 
then specific trend you want to view. 
iv. Select “Commit” 
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18) To run a time course first you must select your parameter set. 
a. Select “Parameter Set” under the Biochemical model screen 
b. Double click on the parameter you want to use 
c. Select apply 
 
d. Select “Tasks” then “TimeCourse” 
e. Insert your duration and interval size (3600s and 30s, respectively) 
f. Ensure method is “Deterministic (LSODA)” 
g. Select “output assistant” on the bottom right of screen. 
h. Under reports select “Time, Concentrations, Volumes, and Global Values” then 
“Create” 
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i. Select “Report” 
j. Name the file and select the newly generated template from drop down 
k. Select “ok” then “run” 
l. Repeat this as needed for all experimental timecourses  
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